P575 


PHYSIOLOGIA PLANTARUM 


Vol.13 
1960 


ED. 
‘ SOCIETAS PHYSIOLOGIAE PLANTARUM 
SCANDINAVICA 


SWETS & ZEITLINGER N.V. 
AMSTERDAM - 1965 


PHYSIOLOGIA PLANTARUM 


Official Publication 
of the 


SCANDINAVIAN SOCIETY FOR PLANT PHYSIOLOGY 


President: E. Melin, Uppsala. 
Vice-President: M. G. Stalfelt, Stockholm. 
Secretary: E. Steemann Nielsen, Copenhagen. 
Editorial Board: H. Burstrôm, Lund (Editor-in-chief), 
R. Collander, Helsinki, 
E. K. Gabrielsen, Copenhagen, 
G. Hygen, Vollebekk. 


Reprinted by permission of the 
Societas Physiologiae Plantarum Scandinavica 


Swets & Zeitlinger N.V. - Amsterdam, 1965 


Index 


Ears cn 


KHUDAIRI, A. K.: Effect of streptomycin on the flowering of two Xanthium 
ITEHES + 2.0.08 Ka 0 rare ae ER RENE PRES 
BERRIE, ALEX. M. M.: The effect of sucrose sprays on the growth of tomato .. 
SOROKIN, CONSTANTINE: Injury and recovery of photosynthesis. The capacity 
of cells of different developmental stages to regenerate their photosynthetic 


ERST on RR A Pe NE RE 
JACKSON, WILLIAM T.: Effect of indoleacetic acid on rate of elongation of root 
RR RAQLOSH SIU DO hs mete Se RE OF EM NES eS 
BUTCHER, D. N. and STREET, H. E.: Effects of kinetin on the growth of excised 
ROIMMATOBEOOUS a hens aineuele cele een ie sie eau à ce suse Sista co an apa aus as 


SIRCAR, S. M. and KUNDU, Maya: Growth regulating properties of the root 
extract of water hyacinth (Eichhornia speciosa Kunth.) ................ 
PEDERSEN, T. A.: Studies on the physiology of the soil yeast Cryptococcus terri- 
COS > 05 ee = one ce TE sc sie etes ce ate sisters, ald a nues etes 
MACDONALD, I. R., DEKOCK, P. C. and KNIGHT, A. H.: Variations in the mineral 
content of storage tissue disks maintained in tap water .................. 
INGESTAD, TORSTEN and MOLIN, NILS: Soil disinfection and nutrient status of 
STICRRSC CIS Span rm OCI CIRCE ae IS Ra ac eee 
Younis, A. E.: Uptake and utilisation of L-glutamic acid by radish root slices .. 
ALLERUP, S.: Transpiration changes and stomata movements in young barley 


OR MR ee ere a mele cine ae cc ne die ee 
«ee KNUD: Primary and secondary peaks in photosynthesis time curves of 
IN CURTILLLL ALLS co oo oO AO D M s © sens celine eda 
CHASSON, ROBERT M.: Do bretons of ion uptake by tissue slices. II. The effect 
of. 2,4-dinitrophenol on the uptake of calcium by potato slices .......... 
PETTERSSON, SUNE: Ion absorption in young sunflower plants I. Uptake and 
Transport mechanisms for sulphate "7"... .0................... 
KYLIN, ANDERS: The influence of the external osmotic conditions upon the accu- 
atom Ol sulphatelinmleavesarner.. cu cymes oo «à. ee nee se + sn see nee 


VIRGIN, HEMMING I.: Pigment transformations in leaves of wheat after irradiation 
THIMANN, KENNETH V. and LALORAYA, MANMOHAN M.: Changes in nitrogen in 

pea stem sections under the action of kinetin .......................... 
COLLANDER, RUNAR: The permeation of polypropylene glycols .............. 


Fasc. 2. 


CORDES, W. C.: Responses of Elodea idioblasts to environmental changes, tem- 


Derature, and light." ""% t-elle ce 
BATTLEY, E. H.: Growth-reaction equations for Saccharomyces cereviside . 


© 


20 


36 


46 


56 


64 


76 


90 
104 


112 


120 


124 


133 


148 
155 


165 
179 


MAEDA, E.: Geotropic reaction of excised rice leaves ........................ 
— Interaction of gibberellin and auxins in lamina joints of excised rice leaves 
FALuDI, B., DANIEL, A. F. and KELEMEN, G.: Increased photosensitivity of leaf 


pigments and its relation to the respiratory system in albino mutants of corn 227 
MERRETT, M. J. and SYRETT, P. J.: The relationship between glucose oxidation 
and acetate oxidation in Chlorella vulgaris ............................ 237 
SANDSTEDT, R: and SKOOG, F.: Effects of amino acid components of yeast extract 
on the growth of tobacco tissue in vitro .............................. 250 
Masupa, Y.: Cell physiological studies on the Avena coleoptile treated with ribo- 
NUCLEASE > 17. 2 ccm coter SCC RECETTES 257 
Fries, L.: The influence of different By analogues on the growth of Gonio- 
trichum elegans (Chauve ee Ne au see ee EE 264 
ASCHAN-ÄBERG, K.: The production of fruit bodies in Collybia velutipes III. In- 
fluence of the quality, of light Eee 276 
— Studies on mono- and di-caryotic mycelia of Collybia velutipes .......... 280 
HABER, A. H. and LuipPpoLD, H. J.: Action of 6-(substituted) purines on mitotic 
activity in, “dormant” lettuce seeds ®, 2... 2 oo tal ee eee 298 
BJÖRKMAN, E.: Monotropa Hypopitys L. — an epiparasite on tree roots ...... 308 
NEUMANN, J.: The nature of the growth-promoting action of coumarin ...... 328 
DANIELSON, C. E.: Sugar and water in ripening peas (Pisum sativum L.) 342 
STEEMANN NIELSEN, E.: Dark fixation of CO, and measurements of organic 
productivity. With remarks on chemo-synthesis ........................ 348 
HAAPALA, E.: Permeability of the plasmalemma as compared with that of the 
tonoplast 1.42... als. chars PE ect e à: cessent CEE 358 
KYLIN, A.: The incorporation of radio-sulphur from external sulphate into dif- 
ferent sulphur fractions of, isolatedplea yess RE 366 
MADSEN, A.: Protochlorophyll/chlorophyll conversion by single flash illumina- 
ÜON ooo 210 à pren s eee tas se aan NN i nl ae lone ae egy ae 380 
KYLIN, A.: The apparent free space of green tissues ........................ 385 
FRANSSON, P.: An active state of auxin in wheat roots ...................... 398 
Fase. 3. 
ULRICH, J. M.: Auxin production by myccorrhizal fungi .................... 429 
MCWHORTER, C. G. and PORTER, W. K.: Studies on the metabolism of plants 
treated with 3-amino-1,2,4-triazole ,..... «+ usa. un u ea eee 444 
CANTINO, E. C. and Lovett, J. S.: Respiration of Blastocladiella during bicarbo- 
nate-induced morphogenesis in synchronous culture .................. 450 
NEWCOMB, E. H.: Dissociation of the effects of auxin on metobolism and growth 
of cultured. tobacée pith .........../....0. neg pO ene ee 459 
FRIES, N.: The effect of adenine and kinetin on growth and differentiation of 
Lapins ON ce oe os an king à mune gg SE en ne eee ee A 468 
FLORELL, C. and RUFELT, H.: Transpiration of wheat plants cultivated under 
different environmental conditions ....... seen ete eee 482 
FELFOLDY, L. J. M.: Effect of cyanide on algal photosynthesis at different pH .. 487 
ULRICH, J. M.: Effect of mycorrhizal fungi and auxins on root development of 
sugar pine seedlings (Pinus lambertiana, Dougl.) :..................... 493 


ELIASSON, L.: Growth response of wheat roots to antiauxins and 2,3,5-Triiodo- 
benzoic acid 


ss en ee 60 8) Se aan nes 
CARE MU En Bi Qui Glen sens, Yet a Ye CCS i HEY OMe eee CS ee Ce 


es ge 


INGESTAD, T.: Studies on the nutrition of forest tree seedlings. III Mineral nutri- 
CRT ft MIN See Saenger 
JORGENSEN, E. G. and STEEMANN NIELSEN, E.: Effect of daylight and of artificial 
illumination on the growth of Staphylococcus aureus and some other 
RU Le a ann ie te De ste à 
WICKSON, M. and THIMANN, K. V.: The antagonism of auxin and kinetin in apical 
dominance. II. The transport of IAA in pea stems in relation to apical 

OED PBS ae RER Le lue dt 
ALLEN, R. M.: Changes in acid growth substances in terminal buds of longleaf 
pine saplings during the breaking of winter dormancy ........ Ne TE 
GOKSOYR, J.: Studies on the metabolism of Merulius lacrymans (Jacq.) Fr. II. 
The respiration of washed mycelium from shake-cultures ............ 
MARINOS, N. G. and HEMBERG, T.: Observations on a possible mechanism of 
Belionsofstlie inhibitor plcomplex ne. nun cess save see 
BJÖRKMAN, O. and HOLMGREN, P.: Polyphenols and polyphenol oxidases in 
Bes, RO Solldago vVirgaureas re. no sen ere chu wea ns 
GABRIELSEN, E. K. and MADSEN, A.: Distribution of phosphorus in tissues of 
host plants during fungus attack ................ SORA pote Cie Once ET 
BURSTRÖM, H.: Influence of iron and gibberellic acid on the light sensitivity 
ET SRO ET, BE CE Sere SE A SOR OIE eC IE EERRREE 
WIKBERG, E.: The influence of Bnosphatace inhibition on the utilization of 
pyridoxamine phosphate in Ophiostoma ....--............ Da CDS 


Fasc. 4. 


WOLF, F. T., Kim, Y. T. and JONES, E. A.: Spectral studies on chrysogenin, a 
pigment produced by Penicillium chrysogenum ........................ 
BATTLEY, E. H.: Enthalpy changes accompanying the growth of Saccharomyces 


CERÉDISIAER Hansen) lee ra dise: rate an nen ee ee 
KETELLAPPER, H. J.: The effect of soil temperature on the growth of Phalaris 
DER OS CREER ET ses ar ee 
LADEFOGED, K.: A method for measuring the water aan of larger in- 
LEO OS à cain 660.0 40 00.000000 a ea 
HUMPHRIES, E. C.: Inhibition of root development on petioles hypocotyls of 
dwart bean {Phaseolus vulgaris) by Kinetin.:....-...... fume sense 
SALE, P. J. M. and VINCE, D.: Effects of light and gibberellic acid on internode 
Prob in Pisum'salivum . ie: Kenn tendre « oo ee à oo eee nee 
BATTLEY, E. H.: A theoretical approach to the study of the thermodynamics of 
growth of Saccharomyces cerevisiae (Hansen) . ........................ 


SOROKIN, C.: Injury and recovery of photosynthesis in cells of successive devel- 
opmental stages. The effects of light intensity ....... Rent net 
VAADIA, Y.: Autonomic diurnal fluctuations in rate of exudation and root pres- 
sure of decapitated sunflower plants ................................ 
HABERMANN, H. H: Spectra of normal and pigment-deficient mutant leaves of 
TICRTRITNS CHRIVHTG Ws 5 ooo boo etc 
HALLDAL, P.: Action spectra of induced phototactic response in Platymonas .. 
HERRERO, F. A. and HALL, W. C.: General effects of ethylene on enzyme = stems 
ee ee EN RE 


513 


934 


997 


616 


621 


628 


641 


648 


659 


664 


674 


687 


701 


718 
726 


HENRIKSSON, E.: Studies in the physiology of the lichen Collema III. The occur- 
rence of an inhibitory action of the phycobiont on the growth of the myco- 


biont “ore ble a ES m RO DO CE RE DEEE 
CRAWFORD, R. M. M.: Respiration and glucose metabolism in the apical bud in 
relation to photoperiodism in Salvia splendens ........................ 


FREDRICK, J. E. and GENTILE, A. C.: The formation of the glucose derivative of 
3-amino-1,2,4-triazole under physiological conditions . .................. 
PILET, P.-E.: In vitro destruction of auxin labeled with C™ ................ 
FRIEND, D. J. C.: The control of chlorophyll accumulation in leaves of marquis 
wheat by temperature and light intensity. I. The rate of chlorophyll accu- 
mulation and maximal absolute chlorophyll contents .................. 
BOKEN, E.: On the effect of foliar applied manganese on the concentration of 
manganese in Oat roots ...........:......Me...seheesereeecce 
Bosuxp, I.: The bacteriostatic action of benzoic and salicylic acids. V. Influence 
of pH on the total uptake of benzoic acid by Proteus vulgaris and baker’s 
VASE! 2 5020 rescle ste ere ele ee PIS CN EE EE 
Bosunp, I., ERICHSEN, I. and MOLIN, N.: The bacteriostatic action of benzoic and 
salicylic acids. VI. Influence of amino acids and related substances on the 
growih inhibilionger. SE CRE RE ER attache IT PE rete 
BosunD, I.: The bacteriostatic action of benzoic and salicylic acids. VII. Effect 
on acetate metabolism and formation of adaptive enzymes in Pseudomonas 


[LUOLESCENS FE en cals hE Satan one ee Teme ue ater ee tee RE tee 
JENSEN, G.: Effects of temperature and shifts in temperature on the respiration 
ôfsintactiroot systems... 0.2.0 ews ale erate as sec CR Se ee ne IEC CITE 
SCHOLDEEN, C. and BursTROM, H.: Physiological studies of an ageotropic pea 
mutant 


Ova! eee sets cp nos 6 © 6 aw) 5.8) ere able ye wee, cie d'a em ele entrent res 


SÆBO, S.: The action of gibberellic acid in the Avena coleoptile curvature test 
SWENSON, G. and BURSTRÖM, H.: On the influence of auxins on salt and water 
uptake 


i 2 ry 


776 


786 


793 


800 


Index auctorum 


Pag. 
NICH M ts ts 555 
ENDETE SE RER 112 
Aschan-Aberg, K............: 276, 280 
Baie Em... 192, 628, 674 
MOLRIC IAT MM. een ru eue 9 
BORA AR esses cesse 308 
POLINA GO ER soc de ee ce roc de 582 
BORNE ar Eee 786 
OS RL SR er ee 793, 800, 812 
Burströom, Ho. ......... 597, 831, 846 
BSUECCINCT ED NE enr ce ses 46 
COCHE VDM 450 
HAS SOMME EM ae essor 124 
POLAR CREER ee 179 
BOrdesa WACH ernennen 187 
@rawford, RB. M.M. 5 eee. ce ie 755 
Wel MON CREER 290 
DANIEISON AC Kir nee 342 
DING C Kaw eae CE, ee renoue 76 
AASSOT ELE ne tren anc RC caer ee te 505 
FOR, RE SRE ER 227 
RÉRÉOIAYAR IE ET EME en 487 
PRES TR SOO Re 482 
RADSSOD BR ES eu soie 398 
Firecinte aie RE een 761 
Hae MUS PACE NE Et 776 
TEE See aks SLR. 264 
PORN a IN EE I SENT 468 
Gabrielsens BE. K:.:.......2.... 595 
PONS Ue coal Oey ne ne ae ae 761 
RE Se en ne ee 559 
A DA IAE te. timbre 358 
Hole bee a el 298 
Habermann, M2... .. 718 
il MINE RER ASE eo a eee 736 
HONG AE CR RE 736 
Membérg, SF so. mme an 447 571 
BAR SSON ARS ele elec 751 
ef, IA ot © cree dele n ss e eus 736 


Pag. 
HOIMErTen DR Metisse oe 3. 6 6 5 3 582 
ELUM PUES lam Gama erect kee 659 
Mestad Melee ewes see auricles a 90, 513 
JACKSON EW eee rks ee, 36 
ATI, ACs aes cree ee 822 
TONES EAN eee chance Sanaa 621 
Jargensen At Gm 534 
Kelemena@. ha cats aio eves eel wie ae 227 
NGI layne; Jeb rer 641 
CHT a bist Apel ears einer Ce nr en 1 
GUIRY Pe Doe Sear ee de 621 
Rnichtg A Heck 76 
RU MER: 56 
AU re Ser ee 155, 366, 385 
badefoped Ke nee ee 648 
Lalorava MEMP een ae 165 
LOYER MS er cu de 450 
Luippold, HA <b eee © 298 
MacDonald 1 Re ances sachs seer 76 
MeW.horter CH Gare. 444 
Madsen A A Ne. 380, 595 
Maeda be see 204, 214 
Marinos N. Gig. ces a ike ie 571 
MASUTA SN En en Do 
MELLE MI ee 237 
Molin AN PER RAR ER ae ners 90, 800 
Neumann Ts ae CRE ETES TE. 328 
INC Heal EMA eee 459 
Pedersen 21 AS: 2 ee ee: 64 
BEttersSon A Scat ee roe) one 133 
PTE tae Dan do ¢ sooters ae 766 
Porien a Wicks. oye a tons ao 444 
line Vale aiuto Sloe ¢ pees Gore 482 
SEDO S RE Re ue at seu tas 839 
SAR PET AM ER cea ttc i. eee 664 
Sandstedti Rice Mme eee 250 
SCHOlAC NEC re an see cies 831 
GIRCAT WOME co tae re ee cages 76 
SKODA Re Mr wns ge 250 


SOLOKING Cae ce eine meee Te 20; 687 “Vejlby, Ko... ere re 


Steemann Nielsen, E. ........ 348, 534°” Vinces Dir. i age ae ee eee 664 
Streeter Ho PRE eme ee eee 46° Virgin, Holen er 155 
SWENSON Ce a ce ne Me eee 846. WiCKSOHS Meee oe eee tere eee 539 
SITES PT RE ee 234 WIKDETENE ER EE EE ee 616 
LIN ANNEE Ke Ve ee 165,539: “Wolf? Bie ee 621 
Wlrichinge ae NL EEE ee 429, 4937 VOUDIS AMEN re ee 104 


Vaadiac Yo 2.5.... 02 ONE 701 


PHYSIOLOGIA PLANTARUM, VOL. 13. 1960 


Effect of Streptomycin on the Flowering 
of two Xanthium Species 


By 


A. K. KHUDAIRI 


College of Agriculture, University of Baghdad 
Abu Graib, Iraq 
(Received October 5, 1959) 


Introduction 


Brain (1957) had reviewed the effects of the different antibiotics on plants. 
Von Euler (1947 a, 1947 b, 1950) in his work with barley, rye, and cress 
observed that streptomycin causes stunting of plants and bleaching of leaves. 
Von Euler also found that streptomycin may cause inactivation of an en- 
zyme participating in chlorophyll synthesis and the inhibition of catalase 
activity. Bleaching may inhibit the formation of carotenoids as well as 
chlorophyll (Schopfer 1952). The bleaching effect was confirmed by Dunegan 
and Wilson (1953), Schopfer et al. (1951), Nickell (1953), and Rosen (1954, 
1955). According to de Lemos-Pereira et al. (1951) on their work on onion 
streptomycin causes a reduction in the number of cell divisions. Even though 
streptomycin may act as an inhibitor to plant growth, stimulation was found 
by Nickell (1952) and Nickell and Finlay (1954). 

In the present work streptomycin was found to cause bleaching of Xan- 
thium leaves when applied to young leaves. The leaves were 3 cm? and were 
chosen according to a method mentioned earlier (Khudairi and Hamner 
1954). The object of the present investigation was to find the flowering 
response of Xanthium plants possessing bleached leaves and to compare the 
photoperiodic response with green-leaved plants. 
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mm 
10 
8 
2 Figure 1. Flowering response of Xanthium Stru- 
marium to short day treatment of 16 hours dark- 
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measured 32 days from the beginning of the 
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Material and Methods 


Two species of cocklebur were used: Xanthium pennsylvanicum Vallre., the burs 
of which were collected from an area around Chicago, Illinois, and Xanthium stru- 
marium L. collected from an area around Baghdad, Iraq. Xanthium pennsylvanicum 
is a sensitive short-day plant; it requires only one photoinductive cycle, i.e. 8 1/2 
hours or more of darkness a day (Hamner 1940). Xanthium strumarium is also a 
short-day plant, but it is not as sensitive as X. pennsylvanicum since it requires 
three photoinductive cycles (8 hrs. light and 16 hrs. darkness) in order to flower, 
as shown in Figure 1. 

Xanthium burs were soaked in water overnight and planted in wooden flats inside 
the greenhouse. The seedlings were transplanted to 6 inch pots and kept under long- 
day conditions, i.e. the daylight was supplemented with artificial light from in- 
candescent bulbs from 6:00 P.M. until 2:00 A.M. 

Different concentrations of streptomycin solutions were applied to the upper 
side of the leaves. Streptomycin solution of 0.2 °/o in water was found to bleach the 
leaves without other apparent injury. The solution was applied twice at two-hour 
intervals by rubbing it on the surface of the leaves with a glass rod. Fully-expanded 
leaves were impossible to bleach; very young leaves showed injury, but leaves with 
3 cm?. area responded best. | 

Plants defoliated except for a sfngle leaf or particular leaves were treated with 
photoinductive cycles, consisting of 16 hours of darkness and 8 hours of light. In 
case of plants with an individual leaf, the leaf was put in a dark cardboard container 
from 4:00 P.M. until 8: 00 A.M. 


Experimental Results 


Effect of Streptomycin on the Growth and Development 
of Xanthium Leaves 


Streptomycin solution was applied to expanding leaves 2 to 3 days old; the 
leaves reached full size with a yellowish-green color. By the tenth day the 
leaves were fully expanded, as shown by Khudairi and Hamner (1954). 
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Figure 2. Peripheral sections in leaves of Xanthium pennsylvanicum showing few cells 
from the mesophyll region. A, normal green leaf, B, streptomycin-bleached leaf which 
shows the absence of chloroplasts. 


The anatomical studies of the fully-expanded, bleached leaves have shown 
the absence of chloroplasts (Figure 2). Starch test with IKI solution showed 
negative results in the cells of bleached leaves, while starch was abundant 
in the mesophyll cells of the green leaves. Calcium oxalate crystals and small 
yellow chromoplasts were present in both bleached and green leaves. The 
microchemical test with Sudan Black showed the presence of oil droplets 
in both the green and the bleached leaves. 

The streptomycin-bleached leaves were tested for the presence of the 
growth inhibitor (xanthinin) in the leaves, using the same technique of 
Khudairi and Bonde (1954). The growth inhibitor was found to be in similar 
quantities in both bleached and green leaves. 


Response of Bleached Leaves to Photoinductive Cycles 


(a) Xanthium leaves treated with 0.2 °/o streptomycin solution were used 
10 days after bleaching treatment and were fully expanded. Plants were 
selected with uniformly bleached leaves; six plants were used in each group. 
Plants with a single bleached leaf were given 5 or 7 short days. A similar 
lot of plants with fully-expanded green leaf of the same age was used as 
controls. Three weeks later, the plants were examined for the formation of 
floral buds. Both species of Xanthium responded positively to the photo- 
inductive cycles when they possessed a single green leaf, while the plants 
with the bleached leaf remained vegetative. 

(b) In a second series of experiments, three lots of six single-leaved plants 
were used. In the first lot the leaf was streptomycin-bleached; in the second 
the leaf was green and streptomycin solution was applied to the expanded 
leaf two days before the SD treatment; and in the third lot the leaf was 
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Table 1. Response of single-leaved Xanthium pennsylvanicum and X. strumarium plants 
to different photoperiodic cycles. 


ES 


Leaf condition Photoperiodic treatment Flowering response 
Streptomycin-bleached.................. SD = 
Green er duree rh ceterece SD + 
Green with streptomyein . ..........-- SD En 
Streptomycin-bleached.................. LD == 
Green“... scene a. LD = 


green and water was rubbed on it. These plants were given three short days 
and examined three weeks later. The plants of the second and third lots 
flowered, while those of the first lot did not. Long-day control plants with 
green or bleached leaf remained vegetative (Table 1). 

It seems that streptomycin solution when added to the green expanded leaf 
does not have an effect on the flowering of Xanthium. A streptomycin- 
bleached leaf was not a good receptor to the photoinductive treatment, and 
hence cannot form the flowering hormone. 

(c) It was thought that the presence of a carbohydrate supply to the 
bleached leaf might help in the formation of the flowering hormone in the 
presence of proper photoinducitve treatment. Two green leaves were left on 
each plant besides the bleached, and the bleached leaf was given SD, while 
the two green leaves were kept at LD conditions. The bleached leaf was 
covered with a cardboard container from 5:00 P.M. until 8:00 A.M. for 
seven days. The green leaves were given long days in order to permit photo- 
synthesis and enough carbohydrate supply could be available to the bleached 
leaves. A similar set was used as a control with a green leaf, receiving short 
days, instead of the bleached. 

The plants with the induced bleached leaf did not show any sign of 
flowering, while the control plants flowered with macroscopic floral huds 
by the third week. 

(d) The inflow of sugar to the treated bleached leaf may cause inhibition 
of export of flowering stimulus and the following experiment was conducted: 
Bleached leaved plants were kept in a dark room for 16 hours a day and 
during this period the leaves were dipped in a beaker containing sucrose 
solution. This treatment was repeated for 3 days, then the plants were kept 
under long-days in the greenhouse. When these plants were dissected in order 
to find floral development of the terminal buds, it was found that these plants 
remained vegetative. It seems that the applied sugar did not help exporting 
the flowering stimulus, if ever formed, from the bleached leaf to the terminal 
bud to cause floral initiation. 

(e) In another experiment, X. strumarium plants with a single bleached 
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Table 2. Xanthium strumarium with a single expanded leaf, either green or bleached with 
streptomycin solution, were given different photoperiodic treatments. Plants were dissected 
15 days after treatment. Six plants per treatment. 
a PR 


Treatment Leaf condition Photoperiodic treatment | Flowering response 
B-3 Bleaching. SD — 
D-3 Greene ala SD + 
B-4 Bleached CM fee LD — 
D-4 CT rennes. LD = 
A-1 Bleached + gibberellin ...... SD — 
C-1 Green + gibberellin. ......... SD + 
A-2 Bleached + gibberellin ...... LD — 
C-2 Green + gibberellin . ......... LD = 


leaf or a green leaf, some treated with gibberellin, were used. Gibberellin 
solution was rubbed on the surface of the leaf in the hope that this treatment 
might counteract the inhibitory effect of streptomycin-bleaching. 

Eight groups of six plants each were used in this experiment. Four of 
these groups were with a single bleached leaf, and the other four groups 
were with a single green leaf, and were treated according to the following 
schema: 


Bleached leaf 


4 groups: A. Treated with gibberellin 
A-1. Given short days 
A-2. Given long days 
B. Non-treated with gibberellin 
B-3. Given short days 
B-4. Given long days 


Green leaf 


4 groups: C. Treated with gibberellin 
C-1. Given short days 
C-2. Given long days 
D. Non-treated with gibberellin 
D-3. Given short days 
D-4. Given long days 


The short-day treatment was carried for seven days, then the plants were 
moved to long days. The terminal buds were examined for floral devel- 
opment three weeks later. The results as tabulated in Table 2 indicate, as 
found earlier, that streptomycin-bleached leaves do not respond to photo- 
inductive cycles, and the presence of gibberellin did not alter this fact. In all 
cases the green-leaved plants flowered under short days and remained vege- 


tative under long days. 
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Table 3. Xanthium strumarium with three expanding leaves and one receptive bud two 
days old. Five short days were given for the short-day treatment. Six plants per treatment 


were used. 
oo 
; Photoperiodic Average diameter of influorescence 
Treatment of HeceptiverBud condition bud in millimeters 

MAT io gn een ee Enno nee seen nano LD 0 

Waters -sessmerec--cere-mece-ee SD 3.0 
Gibberellinn seen see eeeeeneteeeenene SD 4.8 
SITEPIOMYCIN eee eee SD JE 
Streptomycin + gibberellin ....... SD 2.8 


Effect of Streptomycin and Gibberellin on Induced Terminal Buds 


X. strumarium plants were selected for their even growth and number 
of leaves. The plants were trimmed except for 3 young fully-expanded leaves. 
The terminal bud and the lateral buds were removed except for one in the 
base of the upper leaf. This bud was left to grow for 48 hours. From these 
plants, 30 were selected for this experiment and divided into five groups. 
One group was treated with streptomycin by putting one drop of 0.2 °/o 
streptomycin solution on the bud. The buds of the second group received 
one drop of streptomycin solution with one drop of 25 mg/L gibberellin 
solution. The third group was treated with gibberellin solution only. The 
fourth and fifth groups were kept as controls and treated with distilled water. 
The first four groups were treated with 5 short days and the fifth group kept 
at long days as a control. 

The results of this experiment are tabulated in Table 3. When the treated 
buds were examined for flowering and the diameter of the flower buds was 
measured, it could be noticed that streptomycin had suppressed the rate of 
flowering. Gibberellin on the other hand had increased the rate of flowering.. 
The combination of streptomycin and gibberellin counteracted the effect of 
each other. 

Other experiments were conducted on plants treated in the same manner 
mentioned above but given long days. All the results were negative since 
there were no flowers obtained and gibberellin was not capable of inducing 
flowering under long-day conditions. 


Summary and Conclusions 


The results obtained in this investigation on Xanthium pennsylvanicum 
and X. strumarium show that young leaves can be bleached with 0.2 % 
streptomycin solution. The streptomycin-treated leaves will expand and reach 
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full size without the development of chloroplasts and hence have a pale 
yellowish-green color. Streptomycin-bleached leaves cannot be induced to 
flower by the proper photoinductive cycles. It is rather difficult to tell 
whether the lack of chloroplasts or the lack of some enzyme system due to 
the streptomycin treatment, is the cause of the failure. of such plants to 
respond to photoperodism. On the other hand, this finding may be used as 
a tool to understand the mechanism of floral initiation of plants. Further 
investigation is required to show the exact reason for the failure of the forma- 
tion of the flowering hormone. 


The present work has also shown that the flower initiation and floral devel- 
opment in buds is suppressed by streptomycin treatment, and hastened or 
increased by gibberellin application. 


Part of this work was conducted at the Department of Botany, University of 
California, Los Angeles, and at the Department of Botany, Science College, University 
of Baghdad. The author wishes to express his thanks to Professor K. C. Hamner, 
Botany Department, University of California, Los Angeles, for his interest in the 
problem and for making space and facilities available during the course of work. 
Gibberellin was supplied by courtesy of Dr. Anton Lang, Botany Department, Uni- 
versity of California at Los Angeles. 
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If tomatoes or squash are growing under sub-optimal light conditions an in- 
crease in growth can be effected if they are supplied with an exogenous source 
of sugar (Went and Carter 1948, and Juhren and Went 1949). By spraying 
tomato plants growing under a variety of conditions, with 10 °/o sucrose 
solution it was hoped to be able to elucidate the mechanism of this effect and 
to determine the environmental conditions under which the tomato plant can 
make the greatest use of a supplementary sugar spray. 

In preliminary investigation it was shown that tomato plants were able 
to take up sugar that was applied as a solution to their leaves. Seedling 
tomatoes were sprayed with a 10 °/o sucrose solution and immediately after 
spraying, and at intervals during the next three days, representative samples 
were removed and the sucrose on their leaves washed off. The wash water 
was made up to 100 ml. and the concentration of sugar in each of the washes 
determined colorimetrically. The environment to which the sprayed plants 
was exposed was varied, and it was found that the uptake of sugar was most 
rapid when the plants were exposed to light after spraying. Low tempera- 
tures also favoured the rapid uptake sucrose, though in most cases a fair 
amount, up, to 60 °/o of the sucrose applied was taken up within 72 hours. 
At 26°C plants which were kept in darkness did not take up an appreciable 
amount of sucrose after an interval of 96 hours. Figure 1 illustrates the way 
in which the concentration of sucrose in wash water decreases in those plants 
kept at 17°C and exposed to light (the conditions under which most of sub- 


sequent work was done). 
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Figure 1. The uptake of sucrose as mg. of re- 

0 ducing sugar by tomato plants treated with 10 °/o 

sucrose spray. On the abscissa hours after spraying. 

-10 The average amount of sucrose per plant at zero 
10 20 30 40 HOURS time was 91 mgms. 


Methods 


Tomato (Lycopersicum esculentum Mill.) variety San Jose Extra Earley was used 
in all the investigations. The work was carried out in the Earhart Plant Research 
Laboratories of the California Institute of Technology, and the plants were grown 
in controlled conditions. 

Tomato seeds were germinated in darkness at 26°C and after five days were trans- 
ferred to an air conditioned greenhouse the day (08.00 hrs—16.00 hrs.) tempera- 
ture of which was 26°C and the night (16.00 hrs.—08.00 hrs.) temperature 20°C. 
The daylength and the light intensity were those maintaining at Pasadena at the 
time of the experiment. Six days later the seedlings were pricked off into 200 ml. 
plastic cups, and kept in an air conditioned greenhouse in which the day tempera- 
ture was 23°C, and the night temperature 17°C. After another six days the seedlings 
were used in the experiments the largest and smallest being culled. 

Seedlings, transplants, and growing plants were grown in a medium consisting 
of two parts horticultural grade vermiculite and one part of sharp gravel (by 
volume). Nutrients were supplied by ‘watering’ daily with the modification of 
Hoagland’s Nutrient Solution that was used as the standard source of nutrient in 
the Earhart Laboratory (Went 1957). Seeds were sown in vermiculite, with no 
addition of gravel, and for the first watering tap water was used instead of nutrient 
solution. Subsequent waterings were as required until the seedlings had been 
pricked off. 

Normally a 10 °/o sucrose solution, made fresh daily, was sprayed on to the leaves 
by means of a De Vilbliss nebulizer. In order to have a constant flow of aerosol 
the hand bulb was removed and the air supplied from an air line operating at 
40 lbs./sq. in. To facilitate the spreading of the solution and the wetting of the 
Physiol. Plant., 13, 1960 


THE EFFECT OF SUCROSE SPRAYS ON TOMATO 11 


= 
S 


AVERAGE DRY WEIGHT (mgms) 
Ss Ss 
oO © 


Figure 2. The effect of different concentrations of sugar 
spray on the eventual dry weight of tomato plants. 
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leaves 4 ml. of Tween 80 was added per litre of solution. Plants were sprayed until 
visibly wet and spraying regimes are as stated in each experiment. 

To obviate complications that could arise if sugar were added inadvertently to 
the rooting medium, the tops of the pots were covered with a plastic shield while 
spraying was in progress. In no case was there growth of saprophytic or parasitic 
fungi or bacteria on healthy leaves, though older moribund leaves sometimes sup- 
ported a growth of a saprophytic fungus. This fungus did not manage to establish 
itself on these moribund leaves when the day length exceeded eight hours. 

Growth rates, wet weights, and dry weights were determined in all experiments. 
Before determining the wet, and dry weights the plants were washed to remove any 
sugar that may have been on the leaves and stem, and then blotted dry of super- 
ficial moisture. The piants were dried in a forced air oven held at between 65°C 
and 75°C. The dry weights were determined as soon as possible after removal from 
the oven. 


Results 
Sugar dose and its effect 


Tomato plants were divided into groups each of nine plants. Each group was 
sprayed daily with a different concentration of sugar and the plants were kept at 
17°C with an eight hour period of illumination, the light intensity being 500 foot 
candles and the lighting Warm White X fluorescent tubes supplemented with a 
little incandescent light. After 21 days the plants were harvested and their dry 


weights determined. 


Figure 2 indicates that the increase in dry weight that results from the 
application of sugar depends on the concentration of the sugar spray. It is 
not possible to increase the concentration of the spray above 10 0%/o because 
of excessive crystallization of sugar on the leaves and stem with the resulting 
depression of growth. In order to test the effect of greater supplements of sugar 
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Table 1. The effect of number of sprays of 10 %/9 sucrose solution on the growth of tomato 
var. San Jose Extra Early. Duration of experiment 21 days. 


DR 


Number of sprays Average total dry weight mg. Increase in dry weight mg. 

0 188 

1 204 16 
2 229 41 
3 238 50 
5 281 93 
10 352 164 
20 596 308 


a test was made of the effect of given greater amounts of sugar by increasing 
the frequency of sugar sprays. Increases of up to twice the previous maximum 
resulted in no greater increase in growth. Other regimes of spraying were 
tried and it was found that the amount of increase of growth that resulted 
was proportional to the total amount of sugar that was applied during the 
period of growth. Table 1 shows how the increase in dry weight corresponds 
to the frequency of sugar sprays. Little difference was observed whether the 
sprays were given in the evening, that is at the end of the period of illumina- 
tion, or in the morning at the beginning of the period of illumination. 

As well as showing an increase in dry weight the plants which were sprayed 
had also a greater wet weight, were taller, and possessed more nodes. So in 
addition to increasing the rate of growth a sugar spray increases their rate 
of development. 


The effect of temperature and light intensity on the 
utilization of sugar by tomatoes 


Tomato plants grown as indicated above were divided into groups which were 
then arranged such that the light from General Electric WWX fluorescent tubes 
plus incandescent bulbs incident on the apices was either 250 foot candles, 500 foot 
candles, or 1000 foot candles, and sets were placed at 14°C, 17°C, 20°C, 23°C, and 
26°C. Half of the plants in each group were sprayed daily with a 10 °/o sucrose 
solution while the other half acted as a control. This experiment was first carried 
out with the period of illumination being restricted to eight hours and then with a 
sixteen hour day. Each experiment was repeated with essentially the same results. 
Figure 3 and Tables 2 and 3 give details of the results obtained. 


Under all light intensities and at all temperatures those plants which were 
exposed to only eight hours of light per day made much better use of the 
applied sucrose. In every case there is nearly a doubling of the total dry 
weight, and the rate of growth is materially greater at the end of the experi- 
mental period. Those plants which were exposed to sixteen hours of light 
per day did not always benefit from the sucrose spray. Only at high tem- 
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Table 2. The effect of sugar on the growth of tomato plants. Average daily increment (mm) 
of plants under the experimental conditions listed. 
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18.5 
20.8 
10.8 
10.6 
13.4 

5.3 


17.3 
18.3 
12.9 
12.7 
9.8 
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15.9 
18.8 
13.3 
13.5 
9.3 
7.3 


15.1 
16.3 
14.3 
15.6 
11.3 

7.3 


Table 3. Number of nodes formed by tomato plants sprayed with 10 °/o sucrose. 
Experiments at five temperatures and 8 and 16 hours’ daylength. 


Treat- 
ment 


Controls 


Sprayed 


on 14°C We 20°C 23°C | 26°C 
ight 
Tükensitg 8 16 8 16 8 16 8 16 8 16 
hrs hrs hrs. hrs. hrs. hrs. hrs. | hrs. | hrs. hrs 
250 6 5.25 5 6 6 7 6.5 7 5.5 7.25 
500 6 6 6.5 7 1:25 8 7 8 6.25 | 8.75 
1,000 7.75 | 8 8.75 | 10 8.8 10.3 8.8 | 10 8.8 | 10.5 
250 7 EE 6.6 7 8.4 8 9.4 8.3 7.8 8.5 
500 7 6 8 7.8 9.4 8.8 9.8 9 9,3 | 10 
1,000 8 8 10.4 9.8 | 10.4 10 10.6 | 10 10.62 211:3 
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peratures, and/or low light intensities is there any marked increase over the 
controls in the amount of growth of the sprayed plants in this sixteen hour 
series. 

These findings point to the possibility that day length was the most 
important factor determining the degree of utilization of the applied sucrose, 
and accordingly an experiment was designed to test whether this was indeed 
the case. 


Tomato plants, 12 in each group, were arranged such that a control group, and 
one sprayed daily with a 10 °/o sucrose solution were exposed to different periods 
of illumination during each 24 hour cycle. The day lengths selected were 0, 4, 8, 
12, 16, and 20 hours with the incident light intensity 500 foot candles, the illuminant 
being WWX fluorescent tubes with a small supplement of incandescent light. During 
the period of the experiment the temperature was maintained at 17°C. On another 
occasion the incident light intensity was doubled and the results of both of these 
experiments are shown in Table 4. Continuous light was not given as one of the 
daylength treatments since it had been shown previously that tomatoes do not grow 
normally when exposed to light continuously. 


At all daylengths those plants which were sprayed with sugar had the 
greater dry weight. The greatest absolute increase occurred when the treated 
plants were exposed to 20 hours of light per day, and with an incident light 
intensity of 1000 foot candles. However if we consider the relative increase 
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Table 4. The dry weight (mg) of tomato plants growing of 17°C under differing lengths of 
day. The experiments were of 19 days’ duration. Treated plants sprayed daily with 10 © 
sucrose solution. 


a SS 
Tent ‘pleat Light hours 
= x 0 4 8 12 16 20 
Control .......... Dead 24.8 72.5 229.0 340.0 304.0 
Treated .......... | 57.0 104.4 199.0 282.0 481.0 507.0 
BTE nc ee 500 Ft. cds. 57.0 79.6 116.5 53.0 141.0 203.0 
Rel Gi. .......: | 28.2 38.7 59.5 26.1 69.5 100 
% age diff....... 321 161 23.2 41.6 67.0 
Kontrollen... 46.0 108.0 187.0 323.0 460.0 
Treated ......... | 114.0 236.0 271.0 480.0 672.0 
DATE ee 500 Ft. cds. 68.0 128.0 94.0 157.0 212.0 
Re diff; 5.5. | 32.1 60.4 44.3 74.2 100 
% age diff....... 147 118 50.2 48.3 46.2 
COontrolieen ces. ccs 46.0 159.0 344.0 528.0 800.0 
Mreated ........- | 114.0 306.0 463.0 732.0 1,128.0 
D'HPRRE Nues 1,000 Ft. cds. 68.0 147.0 119.0 204.0 328.0 
Rel.. diff. ....:..… | 20.7 45.0 36.3 62.3 100 
rage: diff... 147 93.0 34.6 38.7 41.0 


in dry weight that is effected by sugar treatment we find that the plants 
which received the least amount of light, both in terms of intensity and 
duration were the ones which benefited most from the applied sucrose. With 
the exception of the plants which were exposed to twelve hours of light per 
twenty four hour cycle, we find that the effect of applied sucrose depends 
on the amount of light that the plant received, the greater the amount of 
light the greater the absolute increase in dry weight that is effected by the 
sugar, but the relative increase in dry weight becoming less. In all cases those 
plants which were on a 12 : 12 cycle interrupted the pattern, since there was 
a comparatively small increase in absolute terms with a corresponding 
decrease in relative increase in dry weight. No satisfactory explanation of 
this is forthcoming though it may be related to the endogenous rhythm of 
the tomato plant as has been demonstrated by Highkin and Hanson. 


The effect of supplementary sugar sprays on plants receiving 
limited spectral bands of light 


Tomato plants were grown at 17°C with the sole source of illumination being 
fluorescent lights with limited spectral emissions. Of the lamps used the most valuable 
were daylight, gold, and green, though others were used on different occasions. The 
spectral emissions of the lamps used are illustrated in Figure 4. The quantity of 
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(G.E. GOLD) 
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Figure 4. The spectral emission (in arbitrary units) of 
the types of lamp used in assessing the effect of endo- 
genous sugar on the growth of tomato. 


light incident on a plant was varied by having the apices of the plants at different 
distances from the source of light, and the intensity was measured using a photo- 
voltaic cell. Because of variation in the spectral sensitivity of this meter, the observed 
reading was converted to a comparative value, which was then multiplied by a 
factor, provided by the lamp manufacturer, to give an eventual value which repre- 
sented the energy incident on the apex of the plant. By means of these values we 
can compare the different types of light for their effectiveness in photosynthesis. 

Two daylengths were tested, 8 hour and 16 hour. Each experiment was repeated 
with essentially the same results. The results of one of these experiments are shown 
in Figures 5 and 6. 


mg 
600 
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400 
Figure 5. The growth of tomatoes with 


and without applied sucrose under dif- 
ferent types of light. The solid symbols 90 
are the values obtained for the control 
plants and the open from the treated. 200 
Circles: white light, triangles: yellow 
light, and squares: green light. The 100 
plants were exposed to light for eight 
hours per day. 
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Figure 6. As for Figure 5 but the plants 
were exposed to 16 hrs. light per day. 
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Under all conditions the plants which were sprayed with sucrose made 
more growth than the controls, and at the end of the experiment their dry 
weight was greater. In the set receiving eight hours of light there is no 
difference between the different types of light both in the case of the sprayed 
plants and the controls, but in those plants which received sixteen hours of 
light the plants which were exposed to green light were generally much 
smaller, and those exposed to yellow light made better use of the applied 
sugar. This was particularly true at the highest intensities of green light 
(675 and 585 milliwatts per sq. foot), and the lowest intensities of yellow 
light (183, 280, and 390 milliwatts per sq. foot). 


Discussion 


If an exogenous source of sugar is capable of replacing light in the carbon 
fixing processes which occur in the illuminated green plant there should be 
a limit to the effect of applied sucrose. This effect will be greatest when light 
conditions are worst, short days and or low light intensities, and most of all 
with plants that are kept in darkness, and least or not all when the plant is 
exposed to light. conditions which saturate the photosynthetic system. The 
increases in growth of sprayed plants over unsprayed plants behave in this 
fashion with respect to daylength but when we consider the effect of light 
intensity we find that the increase in dry weight is proportional to the light 
intensity. Went (1944) has shown that the optimum temperature for the 
growth of tomato (var. San Jose Canner) is 17°C. From Figure 3 it is seen 
that only under some conditions is this so. Plants which are exposed to fairly 
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high light intensities for 16 hours per day have an optimum temperature 
of 20°C whereas those which received but eight hours of light per day have 
an optimum temperature for growth of 17°C. In those plants which received 
sixteen hours of light per day and a supplementary sugar spray there is no 
one optimum temperature, and in all cases the sprayed plants are able to 
tolerate high temperatures better than the unsprayed plants. According to 
Went the interplay between the rate of photosynthesis, the rate of respira- 
tion and the rate of translocation at any one temperature determine the rate 
of growth of the plant. Other synthetic and degradative processes will 
influence this rate of growth but since it is the amount of available carbo- 
hydrate which is of primary importance it is permissible in the first instance 
to consider these three factors. 

Under conditions where the rate of respiration is high, at high tempera- 
tures and where the rate of photosynthesis is limited by low light intensities 
the effect of sugar sprays is highest. At low temperature and high rates of 
photosynthesis the effect of exogenous carbohydrate is negligible. We can 
conclude that the effect of applied sucrose is to supplement the total amount 
of carbohydrate that is available and under conditions where growth is sub- 
optimal because of lack of carbohydrate that a sugar spray will increase the 
growth of the tomato. It is interesting to note that plants which are prevented 
from photosynthesising by being kept in darkness will survive for at least 
three weeks. They do not approach normal plants in appearance but their 
final dry weight (57 mg.) is almost three times the initial dry weight (19.9 
mg.). During the period of spraying these plants were exposed to light, but 
so also were the controls which died within two weeks from the beginning of 
the experiment. 

During exposure to light we know that green plants synthesise materials 
other than carbohydrates. Racusen and Aronoff have shown that detached 
Soya Bean leaves only synthesise aromatic amino acids when illuminated. 
The amounts of light that are required for the synthesis of these materials 
may not be of the same order as that required for the synthesis of carbo- 
hydrate. While there is no evidence it can be assumed that in all the experi- 
ments carried out in this investigation the level of illumination was such that 
sufficient of these materials were produced. By growing plants under dif- 
ferent types of illumination and supplying them with exogenous carbo- 
hydrate ıt was hoped to demonstrate the presence of other pigmem systems, 
besides chlorophyll which may be operative in ‘photosyntnesis’. This was 
not demonstrated since the amount of dry matter produced in all cases was 
dependent on the total energy incident on the plant, and not on the type of 
radiant energy. 
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Summary 


The effect of supplementary sugar sprays on the growth of tomato was 
observed when the plants were growing under conditions limiting or 
excluding photosynthesis. Also observations were made on the effect of sugar 
sprays when the light intensity and the temperature were varied. An exogenous 
supply of sugar will effect a greater increase in dry weight if tomato is 
growing in conditions where carbohydrate synthesis is limited, but the most 
pronounced effect is seen when respiration is proceeding rapidly and photo- 
synthesis slowly. 


This work was carried out at the Earhart Plant Research Laboratory of the 
California Institute of Technology during the tenure of a Sugar Research Foundation 
Fellowship. The author is indebted to Prof. F. W. Went for the many helpful dis- 
cussions which materially helped the course of this work. 
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Introduction 


The time course of photosynthesis in manometric experiments is often 
described by falling rates, as depicted by the lower curve in Figure 1. This 
curve is characteristic of the performance of a steady-state algal suspension 
in the phosphate buffer. By suspending algal cells in a medium containing 
in addition to potassium phosphate, potassium nitrate and magnesium sul- 
fate, the photosynthetic rates can be obtained which are depicted by the 
rising, upper curve in Figure 1. 

The difference in the shape of these two curves has often been ascribed 
(Emerson 1935) to growth phenomena, supposedly taking place in nitrogen- 
containing medium but lacking in phosphate buffer. However, it is not 
obvious why in the absence of growth the time course of photosynthesis in 
phosphate buffer should be described by falling rates. If destructive and 
inhibitory factors are lacking, a constant rate would be expected. In War- 
burg buffer No. 9, made of 15 °/o carbonate and 85 °/o bicarbonate, the rate 
of photosynthesis remains constant for a length of time though this buffer 
is less favorable for photosynthesis than phosphate buffer since the rate in 
carbonate-bicarbonate buffer may reach only about 50 per cent of the rate 
in the phosphate buffer. 

Steady-state algal suspensions consist of cells of different developmental 
stages. Characteristics obtained for a steady-state suspension are statistical 
averages of the values for all cells of which such a suspension consist. These 
Physiol. Plant., 13, 1960 

[20] 


INJURY AND RECOVERY OF PHOTOSYNTHESIS 21 
0, 
250 7 


200 


150 


Figure 1. Time course of photosynthesis for a 
steady-state suspension of C. pyrenoidosa, strain 
7-11-05. Temperature, 39°C; light intensity, 2,000 1 
foot candles; pH, 4.5. Symbols: triangles, in 3-salt 
suspending fluid containing 0.02 M KHePOx,, 0.012 

M KNOs, and 0.004 M MgSO, : 7H20; circles, in 50 
0.02 M KH2PO4 buffer. Oo evolution in relative 
units. 
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averages may or may not genuinely describe processes actually taking place 
in all, some, or any cell of the suspension. 

In this paper the time course of photosynthesis is described as taking place 
in cells of different ages and a peculiar phenomenon is reported. The pheno- 
menon consists of a regeneration of photosynthetic capacity in cells of certain 
developmental stages in the course of a photosynthetic experiment during 
which there was no apparent change in external conditions. 


Material and Methods 


The work was done with the high-temperature strain, 7-11-05, of Chlorella pyre- 
noidosa (Sorokin and Myers 1953). Cells were grown in a continuous culture 
apparatus (Myers and Clark 1944) under conditions permitting the maintenance of 
constant temperature, illumination and nutrient supply throughout the investigation. 
Carbon dioxide was supplied by bubbling a 3.5 per cent CO, -in air mixture through 
the algal suspension during both the light and dark periods. A liter of culture 
medium contained the following salts, measured in grams: KNO, — 1.25, KH,PO, — 
1.25, MgSO, : 7H,0 — 1.00, CaCl, — 0.0835, H,BO; — 0.1142, FeSO, : 7H,0 — 
0.0498, ZnSO, : 7H,0 — 0.0882, MnCl, : 4H,0 — 0.0144, MoO, — 0.0071, CuSO, - 
5H,O — 0.0157, Co(NO3),°6H,O — 0.0049, and ethylenediaminetetraacetic acid 
(as a chelating agent) — 0.5. The pH of the medium was 6.8. The temperature during 
culture was 39°C. Sterile conditions were maintained in the chamber at all times. 

To obtain an algal suspension consisting of cells of the same developmental stage 
a synchronization technique was used. Algal suspensions were grown under diurnally 
intermittent illumination of 9 hours light and 15 hours dark. After 9 hours of 
illumination the walls of the mother cells begin to rupture. During dark periods 
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cells continue to divide, but in the absence of organic carbon their growth. is post- 
poned until after illumination is started. After 3 or 4 cycles of intermittent illumina- 
tion an algal suspension at the end of the last dark period contains up to 99 per 
cent of the cells in the stage of small autospores. When illuminated, cells of an 
algal suspension of this kind start growing simultaneously. A continuing high degree 
of synchronization in the development of these cells can be expected as they grow 
in light and pass from one developmental stage to the other. In this paper the 
developmental stages of the cells are denoted by the lapse of time in hours from 
the start of growth (start of illumination) to the moment when growth was inter- 
rupted by harvesting cells from the culture chamber. 

Gas exchange during photosynthesis experiments was studied with the mano- 
metric technique. A suspension of algal cells in a desired developmental stage was 
harvested, centrifuged, and the cells were transferred into 0.02 M KH,PO, buffer. 
The pH of the suspending fluid was 4.5 and during the course of the experiment it 
never exceeded 5.0. All manipulations were conducted at room temperature of 26°C. 
Rectangular vessels filled with algal suspension were gassed with a 6 per cent CO,-in 
air mixture, transferred into the bath at 39°C, illuminated and shaken at 120 oscilla- 
tions per minute. A light source was provided by a bank of tungsten lamps placed 
under the glass bottom of the bath. The light intensity in the bath at the level of the 
vessels was about 2,000 foot candles. As in other algal strains, the light saturation 
level for photosynthesis in strain 7-11-05 depends on the previous history of cells 
(Sorokin 1958). It lies between 1,600 and 1,700 foot candles for a steady-state 
culture under the conditions employed in this study. The elapsed time from harvesting 
algal suspensions until placing flasks into the bath was routinely recorded and 
usually did not exceed 45 minutes. To allow the temperature of the algal suspension 
in the flasks to come to equilibrium with the temperature of the bath, readings were 
started after flasks were shaken for 10 minutes. In the graphs presented in this 
paper the zero point corresponds, therefore, to the ten-minute reading. 

Two series of experiments are discussed. In one series (Figures 5 and 6) the two- 
vessel method was used. One vessel was filled with 4 ml. of algal suspension and 
another with 2 ml. Both vessels were of about 9 ml. total capacity. In this series 
both oxygen evolution and carbon dioxide uptake could be estimated and assimilatory 
quotients calculated. | 

In the second series (Figures 2, 3, and 4) the one-vessel method was used. Vessels 
of the same capacity as above were filled with 4 ml. of an algal suspension and 
changes in gas pressure in the course of an experiment were recorded. The mano- 
metric readings were then corrected for differences in the gas volume in different 
flasks and for differences in the amount of cells per flask in different experiments. 

Thus, if for a particular flask the volume of the gas phase was 4,940 mm?., tem- 
perature of the experiment, 39°C, and standard pressure expressed in terms of the 
manometric fluid (Brodie’s solution), 10,000, (Umbreit, Burris, and Stauffer, 1957) 
then the correction for the volume of the gas phase was 


Manometric readings in mm. of pressure change (h) were multiplied by the above 
correction factor and divided by the amount of packed volume (in mm?.) of cells 
per flask. A correction for the gas content in the fluid phase was omitted since, 
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Table 1. Sample calculations of the data of the one-vessel method for 4-hour cells. The 

correction factor for the volume of the gas phase, 0.432: the amount of cells per flask 

0.9248 mm°. Figures in column (3) of the table were obtained by multiplying the cor- 

responding figures in column (2) by 0.432 and dividing them by 0.9248. Data of column (3) 
are plotted in figure 2 and those of column (4) in figure 3. 


— 


Time from placing mm. pressure mm?3. volume Increments in 
flasks into the change change in the volume change for 
bath, min. gas phase 10-minute intervals 
(1) (2) (3) (4) 
10 0 0 = 
20 + 21.5 10.0 10.0 
30 + 42 19.6 9.6 
40 + 63 29.4 9.8 
50 + 80 37.4 8.0 
60 + 93.5 43.7 6.3 
70 + 102 47.6 3.9 
80 +111 51.8 4.2 
90 + 119.5 55.8 4.0 
100 +132 61.6 5.8 
110 + 146 68.2 6.6 
120 + 163 76.1 729 
130 + 181.5 84.8 8.7 
140 + 200.5 93.6 8.8 
150 + 222.5 103.9 10.3 
160 + 247 115.3 11.4 
170 + 272.5 127.3 12.0 
180 + 298 139.2 1109 
190 + 321.5 150.1 10.9 
200 + 343.5 160.4 10.3 


due to the different solubilities of oxygen and carbon dioxide, it would involve 
discrimination between these two gases. To make clearer the way the data plotted 
in Figures 2 and 3 were obtained, a sample calculation is presented in Table 1. 

As seen from the data in Table 3 assimilatory quotients (y) differ only slightly 
for cells of different developmental stages at the start of a manometric experiment 
and a value of y=C0,/0,=0.9 could be safely accepted. If the attempt was made 
to present the results of this series of experiments in terms of evolved oxygen, by 
assuming the above value for the assimilatory quotient, then the values for oxygen 
would differ from those secured by the method used in this investigation and plotted 
in Figures 2, 3, and 4 by a factor ranging for individual flasks from 2.65 to 2.77. 
Recalculations of this kind would have no effect on the shape of a particular curve 
presented in Figures 2, 3, and 4 and would change only slightly the relationships 
between the individual curves. 

The reluctance to present this series of the experiments in terms of the exchange 
in a particular gas, by assuming a certain assimilatory quotient, was motivated by 
the fact that assimilatory quotients for cells of later developmental stages may 
change drastically in the course of a manometric experiment (Table 3). These 
changes are gradual in the course of a manometric experiment, differ for cells of 
different developmental stages, and depend greatly on the previous history of cells 
and factors operating during the experiment. Therefore, for the older cells no value 
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of the assimilatory quotient can be relied upon in calculations of a time course 
curve in terms of a particular gas. 

A comparison of the curves, calculated from the results of the one-vessel method 
(Figure 3) by the technique used in this investigation with those obtained by the 
standard technique (Umbreit, Burris, and Stauffer 1957) of the two-vessel method 
(Figures 5 and 6), gives satisfactory qualitative agreement between the two methods 
in regard to the shape of the curves and general direction and the extent of changes 
in the rates of the gas exchange in the course of a manometric experiment. 


Results 


As a cell proceeds in its development, the rate of photosynthesis, measured 
for the 20- or 30-minute interval following the transfer of an algal suspen- 
sion in a manometric flask into the Warburg bath, gradually increases. For 
convenience this rate is called an “initial rate”. In a previous publication the 
peak of photosynthetic activity in nitrogen-containing medium was observed 
to coincide with 3-hour cells (Sorokin 1957). In these studies the maximum 
initial rate in the phosphate buffer was observed in 2- and 4-hour cells 
(Figure 3). After passing the peak the initial photosynthetic activity gradually 
declines toward the end of the life cycle and reaches the lowest level in cells 
ready to enter cell division. 


If measurements of the gas exchange during a particular photosynthesis 
experiment are continued, then the initial rate changes in different direc- 
tions in cells of different age (Figure 2). The time curves for the 0- and 
2-hour cells in Figure 2 are ascending and look remarkably similar to the 
upper curve in Figure 1. It should be recalled that the ascending shape of the 
upper curve in Figure 1 is often ascribed to the presence of nitrogen in the 
suspending fluid and the resulting growth in cell mass during the experi- 
ment. The suspending fluid in the experiment described in Figure 2 contained 
no nitrogen. The growth theory, as an explanation for the increasing photo- 
synthetic rates in the course of the experiment in cells of the earlier devel- 
opmental stages seems, therefore, to be invalid. 


The inadequacy of the growth theory in this case is stressed even more 
by comparison of the course of photosynthesis in 0- and 2-hour cells with 
that of 8-hour cells (Figure 2). The curve for 8-hour cells is of a descending 
type and similar in shape to the lower curve in Figure 1. Under the condi- 
tions for obtaining synchronized suspensions of cells, used in these studies, 
growth continues beyond 8 hours and has been shown to be exponential for 
at least 9 hours (Sorokin 1957). Therefore, if growth phenomena underlie 
the changes in the photosynthetic rates in the course of a manometric experi- 
Physiol. Plant., 13, 1960 


INJURY AND RECOVERY OF PHOTOSYNTHESIS 25 


120 


90 


Figure 2. Time course of gas exchange during 
a photosynthesis experiment for cells of succes- = 
sive developmental stages of C. pyrenoidosa, strain 
7-11-05. Manometric readings (mm. pressure 

change) were corrected for the volume of the x 
gas phase and the packed cell volume — one- 
vessel technique. Developmental stages of syn- 
chronized cells indicated in hours on the curves. 


ment, 8-hour cells would be expected to have an ascending type of photo- 
synthetic curve for at least a portion of the experiment. 

It would be even more difficult to explain the shape of the photosynthetic 
curves by growth phenomena for cells of the intermediary, 4- and 6-hour 
age. The peculiar shape of these curves is stressed even more by plotting 
the data as increments (rates) of the gas volume change for the successive 
10-minute intervals (Figure 3). 

Each curve in Figure 3, for cells of the intermediary 2-, 4- and 6-hour age, 


Figure 3. Increments in gas volume in the course 
of a photosynthesis experiment for cells of suc- 
cessive developmental stages of C. pyrenoidosa, 
strain 7-11-05. Increments in manometric readings 
(mm. pressure change) for 10-minute intervals 
were corrected for the volume of the gas phase 
and the packed cell volume — one-vessel tech- 
nique. Developmental stages of synchronized cells 
indicated in hours on the curves. 
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can be divided into three distinct portions corresponding to three time inter- 
vals of one photosynthesis experiment. During the first time period the rate 
remains nearly constant or increases slightly in 2-hour cells. Then comes 
the second period during which the rate decreases to a low level which is 
different for cells of different developmental stages. The following third 
period is characterized by a steady recovery of the photosynthetic rate during 
which the rate of the gas exchange may reach or even surpass the initial 
rate characteristic of the first period. 

The first period of the initial comparatively high rate of gas exchange 
becomes shorter with the progress in cell development. To determine the 
length of this period from the data of Figure 3, it is necessary to remember 
that readings were started after a 10-minute adjustment period. The mano- 
metric pressure at the 10-minute reading was considered a zero point and 
the first increment (rate) for the ten-minute interval was computed for the 
time from 10 to 20 minutes after the transfer of the flasks into the bath. 
This first increment at the 20-minute reading constituted the first point on 
each curve in Figure 3. 

It can be estimated that the first period of the initial more or less constant 
rate lasted for 2-, 4-, and 6-hour cells, respectively, for about 70, 40, and 30 
minutes. For 8-hour cells the rate starts to decline probably almost immed- 
iately after cells have been placed into the bath. At any rate the duration 
of the first period in these cells was not longer than 20 minutes. 

As was pointed out, the second period of the declining rate found no 
expression on the curve for the 0-hour cells. In older cells, it appears and 
its duration is correlated with the age of the cells. For 2-, 4-, and 6-hour 
cells the second period ends, respectively, after 80, 90, and 90 minutes from 
the start of illumination. If from these values one substracts those for the 
length of the first period, then the length of the second period for 2-, 4-, 
and 6-hour cells will be, respectively, 10, 50, and 60 minutes. In 8-hour cells 
the second period continues indefinitely since, for these cells, no recovery 
characteristic of the third period was observed. 

The third period, during which a recovery of the rate of the gas exchange 
takes place, merges in 0-hour cells with the first period because of the 
absence of the second period from the curve. In older cells the capacity to 
recover decreases with the age of the cells. The slopes of the curves describing 
the third period in Figure 3 are distinctly steeper for 2- and 4-hour cells 
than for 6-hour cells. A complete recovery of the rate to the level of the 
initial rate takes less than 30 minutes in 2-hour cells and 60 minutes in 
4-hour cells. In 6-hour cells there is no complete recovery even after 100 
QU from the start of the third period (190 minutes after the start of 
illumination). The lengths of each of these three periods are characteristic 
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Table 2. Lengths of .the three distinct rate periods during a photosynthesis experiment 
with cells of different developmental stages. First period of initial rates, second period 
of declining rates, and third period of recovering rates. The length of the third period 
estimated from the end of the second period till the rate recovered to the initial level. 
Sse eee 


Developmental stage Lengths of the rate periods, minutes 
BE pours First Second Third 
0 Indeterminable, None Direct continuation 
merges with the of the first period 
third period 
| 2 70 10 30 
4 40 50 60 
6 30 60 100 
8 20 prolonged None 


of cells of different developmental stages and the data are summarized in 
Table 2. 

It should be pointed out that the slope of a curve during each of these 
three periods, the length of the period and therefore the eventual low or high 
rate of photosynthesis attained by the end of the period, depend much on the 
conditions under which cells were kept previous to the start of the experi- 
ment as well as on the factors operating during the course of the experiment. 
An evaluation of these factors lies beyond the scope of this report. 

Before proceeding with further description of the phenomenon, one im- 
portant point must be established — that the described characteristics 
peculiar to the gas exchange of cells of different developmental stages are 
specific to the cells at the moment when they are harvested from the growth 
chamber and are not the result of the treatment which they received in the 
course of the preparation of an algal suspension for manometric studies. 
Cell development and metabolic processes depend greatly on external con- 
ditions — illumination, temperature, oxygen, and nutrient supply. During 
preparation cells undergo centrifugation and transfer into a new medium. 
They are subjected to centrifugal force, more or less anaerobic conditions, 
and are kept in dark at temperatures different from those at which they were 
grown and from those at which they will be studied. If these “abnormal” con- 
ditions influence the behavior of cells during the photosynthesis experiment, 
then the duration of this preparatory period may be of great importance — 
particularly for the fast developing high-temperature strain. 

To answer this question 4-hour cells were harvested from the growth 
chamber and the pH of the cell suspension was adjusted to 4.5 by adding 
dilute H,SO,. Without centrifugation an aliquot of this suspension was 
placed in a suspending fluid of 0.02 M KH,PO, at pH 4.5. Vessels were filled 
with this algal suspension, gassed with CO,-in air mixture, and placéd in the 
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Figure 4. Time course of gas exchange during a 
photosynthesis experiment for 4-hour cells of 
C. pyrenoidosa, strain 7-11-05. Manometric read- 
ings (mm. pressure change) were corrected for 
the volume of the gas phase and the packed cell 
volume — one-vessel technique. Solid line, cells 
subjected to the usual technique of post-harvest 
centrifugation and transfer into suspending fluid. 
Time from harvesting until placing manometric 
flasks into the photosynthesis bath, 45 minutes. 
Broken line, suspension of synchronized cells 
after being harvested from the chamber was 
adjusted to pH 4.5 by adding dilute H2SO4. 
Aliquot of this suspension was placed in sus- 
pending fluid without centrifugation and removal 
of the nutrient medium in which cells were grown 
in the chamber. Time from harvesting the cells 
until placing them in manometric flasks in the 
photosynthesis bath, 10 minutes. 


120 


0 1 2 3 HRS. 


bath. During preparation the suspension was illuminated by a 100-watt bulb. 
Thus, centrifugation, anaerobic conditions and darkness were avoided. The 
duration of the period of preparation was reduced from 45 to 10 minutes. 
Comparison of the time course curves obtained after preparation with and 
without centrifugation (Figure 4) shows that the same phenomenon appears 
regardless of techniques. 

A more detailed study of the events in the course of a photosynthesis 
experiment in cells of different developmental stages is presented in Figures 
5 and 6. Using the two-vessel technique the oxygen evolution and carbon 
dioxide uptake were estimated, and the assimilatory quotients (CO,/O,) were 
calculated. For each kind of cells the rates of oxygen (Figure 5) and of 
carbon dioxide exchange (Figure 6), calculated in mm?. O, or CO, per mm). 
cells per hour, are given for three intervals of time: 1) for the initial period 
of 20 minutes; 2) for the interval of time during the second period when the 
rate reached its lowest level; and, 3) for the interval of time during the third 
period when the rate reached its second maximum. The rates for the second 
and the third periods are expressed for each kind of cells as per cent of the 
rate for the first period. These values, as well as intervals of time for which 
they were determined, are depicted by the thick horizontal lines; the thin 
lines serve only as connecting links. 

The shapes of the curves in Figures 5 and 6 are comparable to those of 
the curves in Figure 3. Cells in the earliest developmental stage (0-hour cells) 
show an increase in the rates of both O, evolution and CO, uptake in the 
course of a photosynthesis experiment. Rates for the cells of later devel- 
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Figure 5. Time course of oxygen exchange during 
a photosynthesis experiment for synchronized 
cells of successive developmental stages of C. 
Pyrenoidosa, strain 7-11-05. Rates of oxygen 
exchange in mm?. Oa/mm?. packed cells and hour 
for three intervals of time during a photosyn- 
thesis experiment: (1) 0 to 20-minute interval 
after readings were started; (2) an interval during 
the second period when the gas exchange reached 
its lowest level; and, (3) an interval during the 
third period when the gas exchange reached its 
highest (second peak) value. Rates for the second 
and the third intervals are expressed in per cent 
of that for the first interval. Thick lines indicate 
the rates and the time for which they were 
measured. Thin lines serve as connecting links 
only. Two-vessel technique. Developmental stages 
of cells are indicated on the curves. 
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opmental stages undergo a sharp decline with the time. The decline in the 
rate goes to much lower levels for cells of the 4-, 6-, and 8-hour ages than 
for 2-hour cells. The recovering capacity is also different in cells of different 
developmental stages. It is higher in 2- and 4-hour cells than in 6-hour cells. 
There is no recovery in 8-hour cells. Rates of the CO, uptake and O, evolu- 
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Figure 6. Time course of carbon dioxide exchange 
during. 
chronized cells of successive developmental stages 
of C. pyrenoidosa, strain 7-11-05. Rates of carbon 
dioxide exchange in mm. COe/mm‘%. packed cells 
and hour for three intervals of time during a 
photosynthesis experiment: (1) 0 to 20-minute 
interval after readings were started; (2) an inter- 
val during the second period when the gas 
exchange reached its lowest level; and, (3) an 
interval during the third period when the gas 
exchange reached its highest (second peak) value. 
Rates for the second and the third intervals are 
expressed in per cent of that for the first inter- 
val. Yhick lines indicate the rates and the time 
for which they were measured. Thin lines serve 
as connecting links only. Two-vessel technique. 
Developmental stages of cells are indicated on 
the curves. 


a photosynthesis experiment for syn- 


Physiol. Plant., 13, 1960 


30 CONSTANTINE SOROKIN 


Table 3. Carbon dioxide to oxygen ratios for cells of successive developmental stages of 
C. pyrenoidosa, strain 7-11-05. 


; : Developmental stages of cells — duration of illumination 
A CEE in the growth chamber in hours: 
during photosynthetic | —— - 

experiments 0 2 4 6 6 8 

—CO,/+0,| —CO,/+0,| —CO,/+0,| —CO,/+0,|+CO,/—O, —CO,/+0, 

I 0.92 | 0.93 0.91 0.92 = 0.96 

II 0.93 | 0.92 0.49 = 5.0 0.81 

Ill 0.92 | 0.92 0.94 0.45 — 0.82 


tion in a steady-state suspension undergo a gradual decline similar to that 
depicted by the lower curve in Figure 1. 

Both O, evolution and CO, consumption are affected during the decline 
period and following recovery though to a different degree in cells of dif- 
ferent developmental stages. This is seen from changes in the values of the 
assimilatory quotients (Table 3). Assimilatory quotients are rather similar 
in cells of different developmental stages at the beginning of a photosyn- 
thesis experiment. With the progress of the photosynthesis experiment there 
are small changes in the CO,/O, quotients in cells of the earlier devel- 
opmental stages. In cells which advanced far enough in their development, 
the CO,/O, quotients decrease drastically with time showing that CO, uptake 
is suppressed with time more than O, evolution. This process goes so far in 
6-hour cells that the assimilatory, CO, consumed/O, evolved, quotient turns 
into a very abnormal, CO, evolved/O, consumed, quotient. Photosynthesis 
either stops completely or is obscured by the high rate of a reverse process. 

In some experiments the change in the CO,/O, quotients with the progress 
of a photosynthesis experiment does not go as far as to CO, production and 
O, consumption. But qualitatively the change is obvious, with the magnitude 
depending on many subtle differences in conditions both internal and 
external to the cells. After dropping during the second period, the assimilatory 
quotient may return to its initial value or the recovery may be less complete. 
Several factors, among them the time factor, are felt to be responsible for 
the completeness of the recovery. 


Discussion 


Kinetic studies of photosynthesis in synchronized cells of different devel- 
opmental stages have shown that the initial manometrically-measured rate 
of photosynthesis depends to a great extent on the developmental stage of 
the cells (Tamiya et al. 1953, Nihei et al. 1954, Sorokin and Myers 1954, 
Sorokin 1957). Present investigations indicate that the rate of photosyn- 
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thesis changes also with time in the course of a photosynthesis experiment 
in a peculiar way characteristic of the cells of a certain developmental stage. 

As was observed in these studies there are two trends operating in cells 
during a photosynthesis experiment. These two trends are pointed at oppo- 
site directions — one tending to decrease and the other to increase the rate 
of the process. These trends are expressed to different degrees in cells of 
different developmental stages and during different intervals of a photo- 
synthesis experiment. These trends are responsible for the three distinct 
successive periods in the course of a photosynthesis experiment: first period 
of the initial rate, second period of the declining rate, and third period of the 
recovering rate of gas exchange. 

As the cell proceeds in its development, the first period becomes shorter; 
the duration of the second period is longer and the rates at the end of this 
period are lower; the recovery of the rate during the third period is slowed 
down and the maximum rate achieved is lower. 

In very young cells the downward trend which is characteristic of the 
second period is expressed so slightly or is of such a short duration that it 
may find no expression on the time course curve of the gas exchange; it 
may be completely obscured by the upward trend which is characteristic 
of the first and third periods. The result is a constant or even a steadily 
increasing rate of the gas exchange during the whole course of a photo- 
synthesis experiment. In cells which are far advanced in their development, 
the downward trend of the second period is so strong and makes itself felt 
at such an early time that in 8-hour and older cells it may completely 
obliterate the first period. The rate is low and drops from the beginning 
of the experiment. A low recovering trend of the third period in these cells, 
coupled with the strong downward trend of the second period, may have 
the result that after reaching a low level the rate remains constant or con- 
tinues its descending course until the end of the experiment — the upward 
trend has no chance to appear on the time course curve. 

Most clearly these two trends and all three periods are expressed in cells 
of the intermediate developmental stages — in these studies, in 2-, 4-, and 
6-hour cells. The actual duration of each of the three periods and the rates 
of the gas exchange eventually attained depend on the outcome of the com- 
petition between these.two trends. 

There is a good reason to consider these two trends as indicators of two 
processes or of two groups,of processes operating in opposite directions 
during a photosynthesis experiment. Speculations on the nature of the rate- 
decreasing process could include considerations of the possible role of light- 
respiration (van der Paauw 1932, Foeckler 1938, Montfort and Foeckler 
1938), photoxidation (Myers and Burr 1940, Franck and French 1941, Burk 
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1953, Sironval and Kandler 1958, Kandler and Sironval 1959), and the 
inactivation or inhibition of the photosynthetic mechanism (Foeckler 1938, 
Myers and Burr 1940, Franck and French 1941, Steemann Nielsen 1949 and 
1952, Kok 1956). 

Whatever the nature of the process responsible for the downward trend 
in photosynthetic activity in the course of a photosynthesis experiment, it 
should be strongly emphasized that it takes place not only in cells with the 
reduced photosynthetic capacity but also in cells which grow and photo- 
synthesize vigorously. It could not be demonstrated in 0-hour cells, but it is 
possible that at an early stage of the life cycle it is obscured by a high rate 
of the opposite process responsible for the upward trend. Even more im- 
portant is the observation that this rate-depressing process is observed at 
light intensity most favorable to photosynthetic activity, just above light 
saturation. 


The upward trend in the gas exchange during a photosynthesis experi- 
ment, labelled as a recovery, has been understood as a process of rebuilding 
or reactivation of something that was destroyed or inactivated by the previous 
exposure of plants to high light intensities (Foeckler 1938, Stälfelt 1939, 
Myers and Burr 1940, Franck and French 1941, Steemann Nielsen 1952). 
As it was observed by previous investigators the rebuilding process could 
start only after the inhibiting high intensities were removed. This rebuilding 
required time and could go in dark or at low light intensities. However, 
Franck and French (1941) noticed that within certain limits the rebuilding 


process was favored by higher light intensities up to those which produce 
saturation of photosynthesis. 


The order, in which the downward and the upward trends are often 
observed during a photosynthesis experiment and in which they are dis- 
cussed in this presentation, should not lead to the conclusion that this activa- 
tion or building process starts only after something was inactivated or 
destroyed and only after the inhibiting or destroying factors were removed. 
Factually, in these experiments, the building process was observed under 
the same conditions which caused the inactivation or destruction of some 
links in the photosynthetic process. It is remarkable that in cells of certain 
developmental stages the gas exchange after recovery may reach rates sur- 
passing those observed at the beginning of the photosynthesis experiment. 
This indicates that crucial participants of photosynthesis were built during 
“recovery” in quantities surpassing those at the beginning of the experiment. 
Finally, in cells which are early in their development the upward trend in 
gas exchange rate starts immediately after the beginning of the experiment; 
thus the inhibiting process here is small or lacking. All this suggests that 
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this building process is an inherent part of the photosynthetic process which 
may or may not be counterbalanced or surpassed by the inactivation process. 

Under the conditions employed in these investigations the upward and the 
downward trends in the gas exchange during a photosynthesis experiment 
must be considered as phenomena intrinsic to the photosynthesis process. 
Some essential participant or participants of the photosynthetic process are 
constantly built or activated during an experiment. The same participants 
are consumed or inactivated in the course of photosynthesis. The rate of the 
gas exchange at a particular moment of a photosynthesis experiment is a 
result of the balance of these two opposing processes. The nature of the 
participants and the relation of these events to other metabolic processes 
are unknown. The time factor is most important in determining the rates of 
the activation and inactivation processes both with respect to the devel- 
opmental stage of the cells and to the duration of a particular photosynthesis 
experiment. The mysterious link between photosynthesis and development 
is most intriguing. A solution of this mystery may prove beneficial to studies 
of both photosynthesis and development. 


Summary 


The time course of the gas exchange during photosynthesis experiments 
was studied in cells of different developmental stages synchronized in their 
development by intermittent light-dark regimen. The gas exchange was 
measured by the manometric technique in phosphate buffer at pH 4.5 and 
a light intensity about 2,000 foot candles. 

It was found that, in cells partially advanced in their development, the 
time course of the gas exchange first declines sharply, then, after a short 
transition period, rises again to a certain level which in some cells may reach 
or even surpass the initial rate of the process at the beginning of the experi- 
ment. In general the initial rate of the gas exchange and the changes which 
occur during a photosynthesis experiment depend on the developmental 
stage of the cells. The change in the gas exchange is accompanied by a change 
in CO,/O, quotient which first decreases and later may recover to the initial 
value or approach it. The rate of carbon dioxide uptake undergoes larger 
changes than that of oxygen evolution. 

The phenomenon was interpreted as the result of a balance between two 
opposing processes commonly taking place under conditions employed in 
these investigations. These two processes go simultaneously but at different 
rates in cells of different developmental stages. The process which brings 
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about an increase in the gas exchange may consist of building up or activating 
some essential participants of the photosynthetic process. The downward 
trend in the gas exchange may be caused by destruction, consumption, Or 
inactivation of the agents participating in photosynthesis. 


This is a scientific Article A 789, Contribution No. 3056 of the University of Mary- 
land Agricultural Experiment Station. The work was supported by funds from the 
Rockefeller Foundation. Helpful suggestions and interest by Drs. R. W. Krauss and 
H. G. Gauch are gratefully acknowledged. 
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Introduction 


It has long been known (Haberlandt 1887, Reinhardt 1892, Stiehr 1903, 
Seidel 1924, and many others) that a root hair elongates only at the apex. 
That a hair continues to elongate for several hours after elongation has 
ceased in the epidermal cell from which it originated has been shown by 
Ekdahl (1948). Although the initial stages of hair formation are quite slow, 
once the hair has attained a length of 30 to 50 microns elongation continues 
at a rapid and uniform rate until it reaches maturity (Jeffs 1925, Ekdahl 
1948, Jackson 1959). The elongating part of the root hair is very short 
(Haberlandt 1887, Reinhardt 1892. Ekdahl 1953), generally no longer than 
the diameter of the hair, i.e., 10 to 15 microns. Therefore, the root hair tip 
during most of its growth can be considered as a growth system which (1) is 
spatially isolated from the root, (2) is growing àt a uniform rate, (3) is in 
direct contact with the ambient solution, and (4) is still growing after the 
rest of the cell has ceased elongating. A system possessing all of these pro- 
perties provides limitless opportunities for studying the physiology of growth. 
For example, in the present study it has been possible to determine the 
immediate effects of indoleacetic acid on elongation and cytoplasmic 
streaming. It would be equally amenable to studies of auxin-antiauxin inter- 
actions, effect of environmental factors, etc. In species whose root hairs are 
influenced by light, this technique could be used to obtain an action spectrum, 
and perhaps to gain some insight into the pigment system involved. 
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It has been observed (Cholodny 1931, Borgström 1939, Burström 1942) 
that the auxin-induced swellings near the tips of roots are accompanied by 
an abundant development of long root hairs. Meesters (1936), Lundegärdh 
(1946), and Ekdahl (1953, 1957) have shown that the rate of elongation of 
root hairs growing in an auxin-free medium is unaltered or slightly inhibited 
by 1075 to 108 M indoleacetic acid during the first few hours after treat- 
ment. Ekdahl (1957) found that root hairs became adapted to added auxin 
and grew at an increased rate after about 6 hours in 4X 10-56 to 10-8 M IAA. 
Stimulatory effects of IAA on rate of root hair elongation immediately after 
application have not been reported. 

It is the purpose of this study to determine whether indoleacetic acid, at 
any concentration, will increase the rate of elongation of root hairs and roots, 
and to determine whether there is any correlation between the rate of root 
hair elongation and the rate of cytoplasmic streaming in these hairs. 


Methods 


Redtop grass (Agrostis alba L.) caryopses were sown on moist lens paper in a 
culture chamber and allowed to develop in light (15 watt cool white standard at a 
distance of 50 cm.) at 21+1 C° until the primary root was 10 to 15 mm. in length. 
The culture chamber, constructed by cementing 3 thin strips of glass to a 50X75X1 
mm. microscope slide and cementing a 35X60 mm. cover glass to the glass strips, 
formed a watertight compartment open at the top (Goodwin and Avers 1956). 
A double thickness of lens paper about 1 cm. wideX3 cm. in length was inserted 
into the chamber with the long axis vertical. A small amount of culture solution 
was added to the chamber, thereby wetting the lens paper by capillarity. The lens 
paper was then forced against the cover glass with a glass needle and another 
double-thickness of lens paper of approximately the same dimensions inserted with 
the long axis horizontal and touched to the wet vertical lens paper at the top of the 
chamber. This strip was also smoothed out against the cover glass with the glass 
needle. This horizontal strip formed the “seedbed”. Four to six caryopses were 
sown along the moist horizontal strip of lens paper, with the long axes of the 
caryopses vertical and with the end from which the radicle would emerge pointing 
downward. The opening in the chamber above the caryopses was then covered with 
two strips of lens paper to insure a saturated atmosphere for the young seedlings. 
The chamber was then stored in a slightly inclined position so that the emerging 
roots would grow down along the cover glass, thereby facilitating examination of 
the roots and root hairs with the microscope. Four days later, the culture chamber 
was removed from the lighted constant temperature cabinet, drained and refilled to 
just below the caryopses with fresh culture solution, and placed in a moisture 
chamber in an inclined position in the room in which the experiments were to be 
performed. The room temperature was 21+1 C°. After 2 to 3 hours, the culture 
chamber was transferred to the vertical stage of a horizontal microscope. The 
microscope lamp was equipped with a 550 millimicron filter and light in the room 
was provided by a 15 watt green fluorescent tube wrapped several times with green 
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cellophane. Green light was used to minimize photoactivated destruction of the IAA 
in vitro. Since older root hairs which have developed in moist air stop growing 
when the: root is flooded, the 2 to 3 hour wait allowed time for new root hairs to 
develop in the flooded environment. Only rarely does a hair which has stopped 
growing for more than a few minutes resume growth. One root was selected for 
study, sketched, and 5 to 8 root hairs selected for measurement and numbered on 
this sketch. These hairs and the primary root were measured at 30 minute intervals 
for a one hour control period. The culture solution was then drained, replaced with 
the solution containing indoleacetic acid and the hairs and primary root measured 
immediately. Observations and measurements were then made at 30 minute inter- 
vals for a two hour treatment period. Observations were continued at infrequent 
intervals over the next 24 hours. The root hairs and the primary root were measured 
by means of an ocular micrometer at a total magnification of 645X and 150X, 
respectively. The experiment was repeated at each concentration of indoleacetic acid 
at.least 3 times. 

The rate of cytoplasmic streaming in root hairs was recorded after each series 
of measurements as equal to, less than, or greater than the rate before treatment. 
Additional estimates were made over the 24 hour period following treatment. 

The culture solution used throughout the study had the following composition: 


Concentration 
in millimoles 
per liter 
KNOS Em MER PR ET eee 0.6 
Ca (NO) SE ARE PAM RE TER | 1125 
MgSO gah at Kl Na tela EEE 1.0 
SUCCINICTACIG™. aces ee ee NET 5.0 
NaOH Piers Se SR ee ee 5.0 


The pH of the solution was adjusted to 5.0 to 5.1. Double glass-distilled water was 
used in preparing the inorganic culture solution. The test solutions were prepared 
by adding the indoleacetic acid to the standard inorganic solution and adjusting to 
pH 5.0 to 5.1 before use. Care was taken to maintain a temperature of 21+1 C° 
in the root environment at all times. 


Results 


Although all concentrations of IAA from 10° to 10-15 M inclusive in- 
creased the rate of root hair elongation, these effects were rather small 
(Figure 1). The slightly higher rates in 10-°, 10-11, and 10715 and the slightly 
lower rate in 10-7 M IAA, compared to the rate of the controls, were not 
significant at the 5 °/o confidence level. The rate of elongation of root hairs 
in 107% M IAA, however, was significantly greater than the control rate at 
the 1 °/o confidence level. This demonstrates that indoleacetic acid at a very 
low concentration increases the rate of elongation of root hairs. Root hairs 
subjected to 10° M IAA grew less than one half as rapidly as hairs in an 
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Figure 1. Effect of indoleacetic acid on the 100 
rate of elongation of root hairs of seedlings 
of Agrostis alba. The average rate of elonga- 90 
tion for the two hour period following treat- 
ment at each concentration of IAA is ex- 80 
pressed as a percentage of the rate of 
elongation of the same hairs before treat- 
ment. Each point represents the average of 
measurements of 15 to 20 root hairs. At each 
concentration, 5 to 8 root hairs were studied 60 
in each of 3 replicate experiments. Stimula- 
tion at 10-13 M and inhibition at 10° M IAA, 50 
compared to the auxin-free treatment, were 
significant at the 1 °/o confidence level. 

0-5 10-3 10-1" 10-9 10-710-5M IAA 


auxin-free medium. Hairs subjected to 105 and 10°? M IAA stopped growing 
immediately. 

The results presented in Figure 2 indicate that the effects of IAA on rate 
of elongation were rapid and that the new rates were constant during the 
two-hour treatment period. 

When root hairs were subjected to 10? M IAA, cytoplasmic streaming 
stopped in less than 15 seconds. This length of time is required to make an 
observation after applying the test solution. From 107 to 10~° M, the rate 
of cytoplasmic streaming increased immediately after treatment, but seemed 
to revert to the normal rate after about one hour. From 10-15 to 10° M IAA, 
the rate of cytoplasmic streaming increased within a few minutes after treat- 
ment and remained more or less constant during the 2 hour treatment period. 
Not only did the rate of cytoplasmic streaming increase over a wide range of 
concentrations of IAA, but it seemed that there was actually more cytoplasm 
moving. Cytoplasmic streaming was still visible approximately 24 hours after 
treatment throughout the range 10715 to 1075 M IAA. Within 48 hours, bac- 
terial contamination was severe and cytoplasmic streaming had generally 
stopped even in the controls. 

Except at the nonphysiological concentration of 10~? M IAA, where both 
elongation and cytoplasmic streaming stopped immediately, there did not 
seem to be any correlation between rate of cytoplasmic streaming and rate 
of elongation. 
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Figure 2. Effect of indoleacetic acid on 
the cumulative growth of root hairs of 
seedlings of Agrostis alba. Cumulative 
growth at each concentration is ex- 
pressed as a percentage of the growth 
of these same root hairs for the one 
hour period immediately prior to treat- 
ment. At each concentration, 5 to 8 root 
hairs were measured in each of three 
separate experiments. Stimulation at 
10-13 M and inhibition at 10% M IAA, 
compared to the auxin-free treatment, 
were significant at the 1 °/o confidence 
level. For any given treatment, there 
was no significant difference in growth 
between any two of the four 30 minute 
periods following treatment. 1 Control, 
27 TAAZ10257 32102224210 25581023 
6 1077, and 7 IAA 107$ M. 
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No root hairs were initiated in 10-5 to 10% M IAA. In 10-15 to 106 M, 
inclusive, new hairs appeared and developed normally. At 1077 and 106 M, 
‚numerous long root hairs were formed at the root tip. 

Since only 3 to 5 primary roots were measured at each concentration of 
indoleacetic acid employed, the results are merely suggestive. There was no 
obvious stimulation of root elongation at any concentration of IAA. Concen- 
trations of 10-7 M and greater strongly inhibited root elongation. 

By 18 hours after treatment, mgrked changes had occurred in roots sub- 
jected to high concentrations of IAA. In 10”? M indoleacetic acid, the root 
tips had become very dark brown to black and the root had actually shrunk. 
In 10-5 M IAA, the root tip was a light brown, the root had increased in 
length slightly during the first 30 minutes following treatment and there 
was no evidence of subsequent shrinking. The nuclei in most of the root 
hair cells migrated into the middle of the root hair and appeared to be 
spherical. The roots subjected to indoleacetic acid over the range of 10-15 
to 106 M were normal in appearance. 

As mentioned earlier, root hairs which stop growing when flooded or 
otherwise disturbed usually do not resume growth. They did, however, 
resume growth when subjected to 1077 and 10-® M indoleacetic acid. Root 
hairs sometimes stop growing momentarily, bulge, and then continue growing 
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Table 1. Elongation rate of root hairs of wheat seedlings subjected to indoleacetic acid. 
Data from Lundegärdh (1946), Table 5. The treatment rate has been expressed as a percent 
of the rate before treatment. 


Elongation rate as a 
IAA M percent of the control 

at pH 6 | at pH 5 - 
108 80 146 
10-7 112 157 
10-6 96 106 
10-4 83 a 


at their original diameter in the same or in a slightly different direction. 
This happened to an occasional root hair over the range of 10-15 to 10-7 M 
IAA. In those hairs in which growth stopped abruptly and did not resume, a 
“pearl” — a small mass of cell wall material — formed in the very tip of the 
root hair. 


Discussion 


There have been relatively few quantitative studies of the effect of indole- 
acetic acid on the elongation rate of root hairs which had been growing in an 
auxin-free medium (Meesters 1936, Lundegardh 1946, Ekdahl 1953, 1957). 
Meesters found that the rate of elongation of root hairs of Agrostemma 
Githago L. was reduced by 18 °/o within 20 minutes after applying 10-5 M 
indoleacetic acid. From his data it can be inferred that there was an 
immediate bulging of the root hair tip upon application of IAA and that 
twenty minutes later the root hair resumed growth at a diminished rate but 
at the normal diameter. In other experiments, performed with indoleacetic acid 
concentrations from 7 X10° 56 to 2.4X10-? M the rate of elongation remained 
unchanged or gradually decreased. He found that 3X10-6 M and higher 
caused a reduction in total length of root hairs, but did not report any con- 
centration in which the total length was increased. There was a definite 
reduction in root growth at 3X10-° M IAA. Although he presents no data, 
Meesters states that the inhibition of growth of root hairs followed almost 
the same course as roots, but showed some growth even at 21074 M. 

Lundegardh (1946), using a photomicrographic technique for recording 
the growth of single root hairs at 3 minute intervals, studied the effect of 
indoleacetic acid on the elongation rate of wheat root hairs which had been 
growing in an auxin-free medium (Table 1). At pH 4.0, he obtained no growth 
in the control, but 12 microns per hour in 105 M IAA. He concludes that 
root hair elongation is not influenced by an increase of the concentration of 
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indoleacetic acid and that there is neither stimulation nor retardation 
throughout the range 107% to 1075 M IAA. He states, “If auxin regulates the 
growth of root hairs the conclusion must be drawn that it normally acts 
under optimal conditions”. It would seem that this conclusion is not sup- 
ported by his results which suggest that the effect of 107$ and 10-7 M IAA 
at pH 5 is stimulating. 

Ekdahl (1953) implies that the elongation rate of wheat root hairs was 
unaffected by IAA in the concentration range of 5X10~7 to 4X10-6 M, but 
presents no data. He found that in this range the hairs attained greater lengths 
(2 to 4 mm.) than do hairs grown in his ordinary culture solution. From the 
results of a later and more exhaustive study, Ekdahl (1957) concluded that 
root hairs initiated and partly developed in an inorganic nutrient solution 
(PH 6.3) continued to elongate at pre-treatment rates for 6 hours after treat- 
ment in 10-8 to 4X10-6 M IAA at pH 6.3. Five root hairs from one root 
showed a slight increase in rate during the period 6 to 10 hours after treat- 
ment, while one hair elongated at a rate markedly higher than the control 
during the period 6 to 23 hours after treatment. He suggested that the 
increased rate of elongation which occurred several hours after the roots 
were treated with indoleacetic acid was due to adaptation of the root hairs 
to the increased IAA concentration. 

It may be suggested that the adaptation of the root hairs to higher con- 
centrations of IAA is due to an increased formation of IAA oxidase with a 
consequent decrease in both exogenous and endogenous auxin. This would 
be consistent with the findings and hypothesis of Galston and Dalberg (1953) 
who found that infiltration of IAA into young tissues resulted in a rise in 
IAA oxidase activity. The increased production of oxidase resulted in a more 
rapid destruction of exogenous, and presumably endogenous, auxin. Young 
tissues (with low IAA oxidase activity) destroyed IAA only after a lag period 
of 10 to 20 minutes. Root hairs are assumed to contain optimal or supra- 
optimal concentrations of IAA (Lundegärdh 1946). If this is true, then an 
adaptive formation of IAA oxidase by roots treated with IAA should even- 
tually result in the destruction of the exogenous auxin and perhaps enough 
of the endogenous auxin to lower the IAA level in the root hair from supra- 
optimal to optimal. This would induce an increase in rate of root hair elonga- 
tion. However, if externally-applied IAA rapidly increases the rate of root 
hair elongation and if this new rate is maintained for a considerable length 
of time, it would suggest that the stimulation is not due to an adaptive 
formation of IAA oxidase. In the present study, the rate of root hair elonga- 
tion was significantly stimulated shortly after application of 10-13 M IAA 
and the new rate was maintained for at least 2 hours after treatment. It 
should be noted that Burström (1957) concluded that his extensive studies 
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of the effect of IAA on elongation of roots did not lend support to the idea 
that IAA-induced stimulation of root growth is due to an adaptive formation 
of IAA oxidase. 

Burstrôm (1942, 1957) has long maintained that cell elongation in roots 
is divided into two phases. He finds that the first phase is stimulated by IAA 
while the second phase is inhibited. That is, auxin increases the plasticity 
of the cell wall during the first phase, but inhibits the incorporation of cell 
wall material during the second phase. He maintains that the overall effect 
of even low concentrations of IAA is to inhibit root elongation. As mentioned 
earlier, root hairs elongate only at their apices. In the root hairs of Agrostis 
alba the length of the elongation zone is about 10 microns and, of course, 
both phase I and phase II take place in this zone. The average elongation 
rate per root hair in 10~** M IAA was 65 microns per hour during the two 
hour treatment period compared to 55 microns per hour for these same hairs 
during the one hour control period. Ekdahl (1957) found that the auxin- 
induced increase in rate of root hair elongation was maintained for about 
24 hours. Both Ekdahl’s (1957) results and the results of this study show 
that IAA increases the rate of root hair elongation. Since the increased rate 
of root hair elongation was maintained for several hours, it is suggested that 
increase in rate is due not only to increased plasticity of the cell wall but 
also to an increased rate of incorporation of new cell wall material. 

Sweeney (1944), using root hairs of oat seedlings, carried out elegant experi- 
ments to determine the effect of indoleacetic acid on the rate of cytoplasmic 
streaming. She was unable to determine simultaneously the effect of IAA on 
rate of elongation of these root hairs. Workers who have studied the effect 
of IAA on the elongation rate of root hairs have not reported its effect on 
rate of cytoplasmic streaming. In the present study, the relative rates of 
cytoplasmic streaming before and after treatment with indoleacetic acid in 
the concentration range of 10-15 to 10°? M have been determined. Except 
at the nonphysiological concentration of 10”? M, where both elongation and 
cytoplasmic streaming were strongly inhibited immediately, no correlation 
was found between rate of root hair elongation and rate of cytoplasmic 
streaming. In fact, no correlation was found even in an auxin-free medium. 

It is generally believed that the rate of root elongation is inhibited or 
unaffected by indoleacetic acid, even when IAA is applied in very low con- 
centrations (Burström 1957, Äberg 1957). Äberg states that all investigators 
who have followed root growth for short intervals, 1 hour or less, have 
found inhibitions or unaltered growth immediately after application of IAA. 
Burström (1957) points out that it is “common knowledge” that auxin under 
all ordinary conditions inhibits root elongation. He dispenses with the reports 
of stimulation of elongation of roots by suggesting that the responses have 
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been small or scarcely reproducible. In the present study, there was no 
statistically significant stimulation of root elongation by indoleacetic acid at 
any concentration down to and including 107% M. 


Summary 


A study has been made of the effects of 10-15 to 10”? M indoleacetic acid 
on the rate of elongation of root hairs and the primary root, and on cyto- 
plasmic streaming in root hairs of Agrostis alba L. seedlings. The rate of 
cytoplasmic streaming was increased by a wide range of concentrations of 
indoleacetic acid. There was no correlation between rate of cytoplasmic 
streaming and rate of root hair elongation in 10-15 to 10-5 M IAA. Root 
elongation was inhibited by IAA at 1077 M and higher. No significant stimula- 
tion of root elongation by IAA was observed. The rate of root hair elongation 
was significantly increased by 10-13 M IAA and inhibited by 105 to 10°? M. 
The stimulatory and inhibitory effects of IAA were rapid, and the altered 
rate of root hair elongation remained constant during the two hour treat- 
ment period. The increased rate of root hair elongation in indoleacetic acid 
is probably not due to destruction of supraoptimal amounts of endogenous 
IAA by the adaptive enzyme IAA oxidase. It is suggested that this increased 
rate induced by low concentrations of indoleacetic acid is not due solely 
to increased plasticity of the cell wall but is also dependent upon an increased 
rate of incorporation of new cell wall material. 
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Introduction 


Skoog and Miller (1957) have reviewed data indicating that quantitative 
interactions between kinetin (6-furfurylamino-purine), ß-indolylacetic acid 
(IAA) and tyrosine regulate the growth and differentiation of tobacco stem 
pith callus. Wickson and Thimann (1958) have obtained evidence that apical 
dominance in stems results from an interaction between auxin and a natural 
kinetin-like factor. Hitherto, however, no detailed examination has been 
made as to how far a similar balance between growth factors controls root 
growth and differentiation. 


Skinner and Shive (1955) have reported that kinetin and some of its 
analogues are inhibitory to the main axis growth of excised tomato roots. 
Danckwardt-Lilliestr6m (1957) working with root cultures of Isatis tinc- 
toria found that kinetin, at low concentrations, promoted root growth; at 
higher concentrations it was markedly inhibitory to linear growth but pro- 
longed the number of culture passages during which shoot buds were 
initiated. Torrey (1958) found that the growth responses of cultured roots of 
Convolvulus arvensis to kinetin were influenced by illumination of the cul- 
tures. Kinetin, 0.1 mg./l., promoted extension growth in the dark but enhanced 
the growth inhibition resulting from illumination. Initiation of shoot buds 
was rare in untreated cultures but was induced by the application of kinetin. 
The number of bud primordia initiated was markedly increased by simul- 
taneous illumination of the cultures. 
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The experimental work now described comprises a study of the growth 
effects of kinetin and of kinetin in combination with 1-naphthaleneacetic 
acid (NAA) and gibberellic acid (GA) using excised tomato roots supplied 
with various concentrations of sucrose. 


Experimental 


Culture techniques 


The general culture techniques have been previously described (Street, McGonagle, 
and Lowe 1951, Hannay and Street 1954). The 10 mm. root tips used to initiate 
experiments were excised from 6-day old sector cultures of a clone of excised tomato 
roots, variety Sutton’s “Best-of-All’, maintained in modified Whites medium con- 
taining 1.5 per cent sucrose. Conditions of incubation and the recording of linear 
growth values were as previously described (Street, McGonagle, and Lowe 1951, 
Street, McGregor, and Sussex 1954). In certain experiments, cultures were main- 
tained for several 7-day passages by subculture of the main axis tips (10 mm.) on 
each occasion (Street, McGonagle, and Roberts 1953). 

Cell counts on root segments were made by the method of Brown and Rickless 
(1949) as modified by Butcher and Street (1959). Mean values for the length of the 
exodermal cells at 5 mm. from the root apex were determined as described by Street 
and McGregor (1952). 

Kinetin and NAA were autoclaved with the other constituents of the culture 
medium. GA was incorporated aseptically after treatment with ethyl ether (Roberts 
and Street 1955, Ferguson, Street, and David 1958). 


The influence of the sucrose concentration of the medium upon 
the response to kinetin 


Earlier studies of the growth of excised tomato roots (Street 1954 a, b, 
1955, Butcher and Street 1959) have shown that certain growth regulators 
differ in their activity according to the sucrose concentration of the nutrient 
medium. Concentrations of NAA and GA which promote growth in the 
presence of sub-optimal concentrations of sucrose, are growth inhibitory in 
the presence of supra-optimal concentrations of sucrose. In contrast, the 
anti-auxins, a-(1-naphthylmethylsulphide)-propionic acid (NMSP) and 
1-naphthoxyacetic acid (1-NOA), inhibit growth in low and enhance it in 
high sucrose concentrations. 

Figure 1 shows the influence of the sucrose concentration of the medium 
on the growth response of excised tomato roots to added kinetin. Kinetin, 
at the concentrations 6.25 and 12.5X10-° g./ml., decreases growth in the 
presence of the lower concentrations of sucrose. However, at higher sucrose 
concentrations, kinetin is less inhibitory and in the presence of 3 per cent 
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MAIN PASSAGE 1. PASSAGE 2. 


LATERALS Figure 1. The effect of kinetin 
on the growth of excised to- 
mato roots in culture media 
containing 1.0, 1.5, 2.0 and 3.0 
per cent sucrose for two suc- 
cessive 7-day passages. On the 
abscissa kinetin 10-9 g./ml. Or- 
dinate: upper graphs increase 
in main axis length, lower 


graphs total length of laterals. 
0 3125 625 125 2500 3125 625 125 


x10-9g/mt KINETIN 


sucrose higher growth values are recorded for the treated than for the control 
roots. When the main axis apices are subcultured into a second passage, this 
interaction between sucrose concentration and kinetin is more marked. The 
roots cultured in 1.5 and 2 per cent sucrose now respond in a similar way to 
those cultured for a single passage, respectively, in 2 and 3 per cent sucrose. 
The response to kinetin depends upon both the duration of culture and the 
sucrose content of the culture medium. 

The above results were obtained by measurements made at the end of 
7-day culture passages. The progress of growth in the presence and the 
absence of 12.5X 10° g./ml. kinetin, as revealed by assessment of the daily 
linear growth increments during an 8-day passage, is shown in Figure 2. 
On each of the first four days of the culture period the roots of each treat- 
ment were measured through the glass (White 1943). On each subsequent 
day, 10 roots of each treatment and control were chosen at random, harvested 
and measured. In the presence of 1 per cent sucrose, kinetin retarded the 
linear growth of the roots throughout the culture period. With 2 per cent 
sucrose the inhibition of growth persisted for only 4 days. In the presence 
of 3 per cent sucrose, kinetin enhanced the rate of linear growth only during 
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+ CONTROL 
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ET OR PIN OS 676m it. 12) 3 1 1 526 7 6 
DAYS IN CULTURE 
Figure 2. The influence of sucrose concentration on the effect of kinetin on the rate of 
main axis growth during an 8-day passage. Kinetin 12.5X 10-9 g./ml. 


the latter part of the culture period, that is, during the period when, in the 
absence of kinetin, the growth rate was declining. The control roots in the 
3 per cent sucrose medium have the appearance of ‘aged’ roots (Street 1954 a). 
They were brown, translucent and very brittle whereas the’ kinetin-treated 
roots remained white and flexible. 

There is a limit to the duration of meristematic activity in main root apices 
of excised tomato roots repeatedly subcultured in media containing sucrose 
at a concentration of 2 per cent or above (Street, McGonagle, and Roberts 
1953). When cultured in 2 per cent sucrose medium, individual meristems 
of the present clone become non-functional after 3 to 5, 7-day passages and 
in 3 per cent sucrose after 1 to 2 passages. The ability of kinetin to prevent 
the decline in growth rate and development of ‘ageing’ symptoms in single 
passage experiments with media of high sucrose content suggested that it 
might prolong the duration of meristematic activity of repeatedly subcultured 
apices. Survival curves in media containing 2 and 3 per cent sucrose are 
shown in Figure 3. Kinetin prolonged the duration of meristematic activity 
but did not make possible indefinite subculture through the main axis 
meristems. 


Figure 3. The effects of kinetin on the sur- 
vival of meristematic activity in main axis 
apices repeatedly subcultured in 2 and 3 
per cent sucrose media. A: 2 °/o sucrose, 
B: 2 % suerose+6.25Xx10-? g./ml. kinetin, 
C: 3 %/o sucrose, D: 3 °/o sucrose+12.5 X 10° 
g./ml. kinetin. On ‘the ordinate no. of sur- 
viving roots in each passage. 


PASSAGE NO. 
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GROWTH CELL LENGTH NO. es CELLS 
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of exodermal cells, No. of 
cells produced in 24 hrs. 


The effects of kinetin on cell division and cell expansion 


The effects of kinetin (12.5xX10-°? g./ml.) on cell division at the meristem 
and on the expansion of exodermal cells have been investigated using roots 
harvested at the end of the 3rd, 5th and 7th days of culture in media con- 
taining 1 and 3 per cent sucrose (Figure 4). 

To determine the increase in cell number per root during 24 hr. periods, 
the following procedure was adopted: — The main axis lengths of 10 roots 
of each treatment were measured 24 hr. before harvesting; the roots were 
then immediately returned to their culture vessels and incubated for the 
‘est period. On harvesting, the roots were again measured and from each 
“oot a segment of the main axis was excised, equal in length to its extension 
;rowth during the 24 hours and starting 2 mm. from the apex. The 10 seg- 
nents were bulked to prepare 1 ml. of cell suspension and its cell count 
letermined with the haemocytometer. From the count, the increase in cell 
ıumber per root per 24 hr. was calculated. 

Measurements of exodermal cell length were made 5 mm. from the apex 
m a second batch of 10 roots harvested at the same time. 

The inhibition of root elongation by kinetin is primarily due to a reduc- 
ion in cell division rate; there is no significant change in the values for 
xodermal cell length. The enhancement of linear growth during the latter 
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part of the growth period in the presence of 3 per cent sucrose is mainly 
due to increaséd production of new cells but there are, also, significant 
increases in the values for exodermal cell lengths. 


Interactions between kinetin, 1-naphthaleneacetic acid (NAA) 
and gibberellic acid (GA) 


The hypothesis advanced by Street (1954 a, b) to explain earlier observa- 
tions on the rate and persistence of meristematic activity in apices of cul- 
tured tomato roots postulated that meristematic activity is controlled by a 
hormone. This, at low concentrations, stimulates and may be essential for 
growth but, at higher concentrations, inhibits growth and, at a critical supra- 
optimal concentration, causes the meristem to become irreversibly non-func- 
tional. This ‘ageing’ phenomenon is speeded up by an increase in the sucrose 
concentration of the medium and by the addition of NAA. More recently, 
Butcher and Street (1959) have shown that GA also enhances ‘ageing’ in 
media of high sucrose content. The onset of ‘ageing’ is prevented or delayed 
in media of high sucrose content by the anti-auxins NMSP and 1-NOA. 
Results now presented in Table 1 show that the addition of kinetin at a 
concentration (12.5X10—° g./ml.) which promotes growth in 3 per cent 
sucrose medium, is able to counteract the inhibitory effects of both NAA 
and GA whether these are incorporated singly or together. Not only is the 
inhibition of linear growth counteracted but the ‘ageing’ symptoms associated 
with NAA and GA applications do not appear in the presence of kinetin. 
In media of high sucrose concentration, kinetin exerted a well marked ‘anti- 
ageing’ action. 

The original hypothesis suggested that the factor controlling meristematic 
activity was an auxin-like hormone and that either its synthesis or ‘in vivo’ 
activity was controlled by the supply of sucrose. Recently, and in line with 
this suggestion, it has been shown that promotion of growth by an externally 
applied auxin can be obtained in the presence of an appropriately low level 
of sucrose (0.75 per cent or lower) (Butcher and Street 1959). Interactions 
between kinetin, NAA and GA in 0.75 per cent sucrose medium are illustrated 
in Table 2. Kinetin, at a concentration (6.25 X 10° g./ml.) which alone would 
be non-inhibitory, cause marked growth inhibition when added to media 
containing stimulatory concentrations of NAA and GA, either singly or in 
combination. Additions of NAA or GA at inhibitory concentrations to roots 
inhibited by kinetin results in a further retardation of growth. 
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Discussion 


Limitation of the passage length combined with the use of media of suf- 
ficiently low sucrose content has permitted the indefinite culture of repeatedly 
excised main axis root tips of a number of different clones of excised tomato 
roots (Street, McGonagle, and Roberts 1953 and unpublished data). How- 
ever, in work with excised red clover roots (Dawson and Street 1959) these 
treatments have reduced, rather than extended, the duration of meristematic 
activity in individual meristems. This difference must be considered against 
the background that, in the presence of higher concentrations of sucrose, 
the ‘ageing’ process in both species is strikingly similar. The apparent ‘anti- 
auxin’ activity of kinetin in the present experiments which have involved 
the use of media of high sucrose content is not paralleled in the experiments 
with media of low sucrose content. These observations make it improbable 
that meristematic activity in cultured root tips is, under all conditions, con- 
trolled by a single hormone factor. Under conditions of low sucrose supply 
it has been suggested (Dawson and Street 1959) that some second essential 
factor present in the excised red clover roots is depleted. If a depletion of 
this factor also occurs in tomato roots cultured in low sucrose concentration 
then the lack of balance between the controlling growth factors in such roots 
might become critical when auxin and kinetin are simultaneously supplied. 

Although present knowledge does not enable us to enumerate the hormonal 
factors controlling root growth, it strongly points to the operation of a multi- 
factor system within which the balance of components may be critical. 
Knowledge of the natural auxins (Thurman and Street 1959), gibberellins 
and purines of cultured roots and more intensive study of their metabolism 
of sucrose are clearly essential to a deeper understanding of the control of 
root growth in culture. 

During the present study, no shoot buds have been initiated on our root 
cultures of tomato in response to kinetin treatments nor have they ever been 
observed to arise spontaneously. The roots reported to respond in this way 
to kinetin do, under certain conditions, initiate such shoot buds without 
kinetin treatment (Danckwardt-Lillieström 1957, Torrey 1958). Norton and 
Boll (1954) did work with a clone of Lycopersicum peruvianum in which 
shoot buds arose in the callus tissue originating at the cut surface of the 
root tips. The formation of these buds was promoted by growth on solid 
media and by the addition of adenine. Adenine, tested over the range 0.1 to 
50.0X10-5 g./ml., completely failed to simulate kinetin in its effects on 
the growth of our clone of excised tomato roots. 
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Summary 


1. Kinetin is inhibitory to the growth of excised tomato roots cultured in 
media containing 1.5 per cent or less sucrose. At higher concentrations 
and particularly at 3 per cent sucrose it promotes linear growth by 
extending the period of high growth rate. 

2. Kinetin inhibits root growth by decreasing the production of new cells in 
the meristematic zone. Under conditions where kinetin enhances growth 
rate, the kinetin-treated roots show a higher rate of production of new 
cells and have longer mature exodermal cells. — 

3. Kinetin enhances the duration of meristematic activity of main axis root 
tips repeatedly subcultured in media containing 2 and 3 per cent sucrose. 
It counteracts the ‘ageing’ symptoms induced in such media by additions 
of gibberellic acid or 1-naphthaleneacetic acid. 

4. In culture media containing a low concentration of sucrose (0.75 per 
cent) the kinetin inhibition of growth is intensified by the addition of 
concentrations of gibberellic acid or 1-naphthaleneacetic acid which, in 
its absence, are growth stimulatory. It intensified the activity of these 
compounds when they were used at inhibitory concentrations. 

5. The importance of the sucrose concentration in determining the inter- 
actions between kinetin, gibberellic acid and 1-naphthaleneacetic acid is 
discussed. 


Grateful acknowledgement is made to Dr. G. Morel of the Laboratoire de Physio- 
logie Végétale, Versailles for the gift of kinetin, to Dr. P. W. Brian, F.R.S. of the 
Akers Research Laboratory of Imperial Chemical Industries Ltd. for the gift of 
gibberellic acid and to the Nuffield Foundation for a grant for equipment and for 
the Research ii which enabled one of us (D. N. Butcher) to participate 
in this work. 
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Introduction 


In recent years the method of chromatography has revealed the presence 
of several growth regulating substances in plant extracts. Lexander (1953) 
noticed at least three growth regulating substances in the ether extracts of 
wheat roots. Apart from IAA in ether extracts from several plant materials 
Kefford (1955) reported the presence of other indole compounds and two 
unknown substances which are named as accelerator a and inhibitor ß. 
Britton, Housley and Bentley (1956) found IAA, IAN, in the roots of tomato 
seedlings and also suggested that a non-indole system may possibly be 
operating in tomato roots. 

In the opinion of Audus and Gunning (1958) most of the substances in 
pea roots is not IAA itself but a system of water soluble precursors present in 
relatively high concentration which has considerable implication in the 
hormonal control of root growth. A growth substance in pine seedlings 
named as Pinus 1 has been reported by Fransson (1959). Mitchel, Skaggs 
and Anderson (1951) demonstrated extension growth of bean seedlings after 
application of extracts from the immature seeds. The effect of this bean 
extract on the growth of rice seedlings was studied by Murakami (1957) 
and the Rf value appear d to be more or less similar to that of the Gibbe- 
rellin A,. Bentley (1958) has remarked that the auxin compounds in plants 
are not a series of simple indole compounds but are related to indole com- 
pounds in someway, rather than constituting a separate biologically active 
‘system. 
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In order to ascertain what leads to the vigorous growth of the weed water- 
hyacinth, observations were made in this laboratory on the effects of the 
root extract on sprouted rice grains and the preliminary results briefly 
reported (Sircar and Kundu 1959). The present investigation demonstrates 
further the effects of the root and leaf extracts of water hyacinth on seedling 
growth of several crop plants. 


Material and Methods 


Healthy roots and shoots from vigorously growing water hyacinth plants were 
thoroughly washed and cut into small pieces. 50 gm. of cut pieces were allowed 
to stand in 250 ml. of water for 48 hours at 8°C. 

The extracts were taken in test tubes lined with filter paper on the brim of which 
sprouted seeds were grown. After growth for different periods the root and shoot 
lengths of test plants were measured and shadowgraphs taken. Seeds of several 
crop plants were used as test materials for studying the effect of the plant extract. 
The effects of the root extract were also compared with those of gibberellic acid. 

Chromatography of the root extract showed the presence of the following amino 
acids: — 

(1) Aspartic acid (2) Glutamic acid (3) Arginine (4) Cystine (5) Tyrosine (6) Gly- 
cine (7) Amino-iso-butyric acid (8) Lysine (9) Valine and (10) Threonine. 

In the previous work (Sircar and Kundu 1959) the growth data of rice seedlings 
after treatment with the root extract were compared with three controls: — (1) Dis- 
tilled water (2) Nutrient solution and (3) A mixture of the ten amino acids present 
in the water hyacinth root. Since the effects after treatment with the root extract 
were always much larger than the three controls, it was concluded that nutrient 
solution or the amino acids present in the roots have very little effect on the growth 
of sprouted seeds (Sircar and Kundu 1959). Accordingly one control with distilled 
water was maintained in these experiments. The results have been presented here 
after the experiments were repeated several times. 


Results 


A comparison of the effects of GA and IAA with root extract on the growth 
of rice seedlings will indicate that IAA alone has very little effect while GA 
(0.1 mg/l.) show slight acceleration over distilled water control, but much 
less than the root extract which has a very marked effect (Table 1). On the 
other hand, the combined effect of GA and the extract seems to be more than 
that of the extract alone or the extract plus IAA. The root elongation in all 
the treatments is inhibited. The marked effects of shoot elongation and root 
‘nhibition by treatments with the extract were also apparent in other varieties 
of rice (Table 2). GA concentration of 10 mg/l. showed more elongation than 
0.1 mg/l. but coucentration higher than 10 mg/l. failed to produce further 
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Table 1. Influence of root extracts of Eichhornia and growth substances on seedlings of 


Oryza sativa Var. Rupsail. Average of 10—15 seedlings after 6 days. 


| Treatments Length of the root in cm. | Length of the shoot in cm. 
ER TTTTE no 
| Distilled ‚water... nn. on eesnoheee 11.93 + 0.16 8.34 + 0.16 
| Root exträct of water hyacinth 
DA QU A Viner ee 3.87 + 0.14 14.19 + 0.24 
Gibberellic Acid (GA) (0.1 mg/l.) 8.37 + 0.39 10.04 + 0.41 
Root extract of (WH) and (GA) 
(0.1 mg/l.) (50 : 50) can... 3.12 + 0.13 18.74 + 0.50 
Indole acetic acid (IAA) (0.1 
MED). eee ae cron Ste ee 9.51 + 0.08 : 7.08 + 0.42 
Root extract of (WH) and IAA 
(0.12mg)L) (5050)... 3.45 + 0.15 13.19 + 0.43 
(GA) + IAA. (50:50)....... Mian 8.51 + 0.10 9.39 + 0.50 


increase in shoot growth. Instead of taking the extract diffused out of root 
and shoot in cold the fresh root and leaves were crushed in mortar and 
pestle and the extract after filteration was applied on rice seedlings. The 
acceleration of shoot growth was less than that of the simple water extract 
(Table 3, Fig. 1). Even after boiling the growth regulating property of the 
extract was not lost. Although the root elongation was inhibited but the root 


Table 2. Influence of root extracts of Eichhornia and gibberellic acid on seedlings of Oryza 
sativa (Five varieties). Average of 10—15 seedlings after 10 days. 


l 
| Treatments Length of the root in cm. | Length of the shoot in cm. 
Var. Rupsail 
i Root extract of (WH) ............ 4.36 + 0.16 28.45 + 1.34 
| Gibberellic Acid (10 mg/l.) ...... 11.75 + 0.41 23.20 + 0.67 
ie Distilled twaterAs 222. 14.82 + 0.69 11.60 + 0.34 
| Var. Patnai. 
Root extract of (WH)..............- 4.22 + 0.16 31.78 + 1.02 
Gibberellic Acid (10 mg/l.) ...... 14.83 + 0.47 24.86 + 0.45 
Distilledawaterer een 16.04 + 0.35 13.03 + 0.39 
Var. Bhasamanik. 
Root extract of (WH) ............ 4. 6 + 0.13 17. 6 + 1.14 
Distilled waters. 2. ce cccsicestec 13. 1+ 0.53 10. 4+ 0.27 
Var. Dhairal 
Root extract of (WH) ............ 4. 5 + 0.21 18. 6 + 0.98 
i) Distilled {water Mme ere 16. 8+ 0.21 dt Ons 
| Var. Chinsurah Boro II. 
Root, extract of A(WH)E..... 18 6.30 + 0.36 26.56 
| Gibberellic acid (10 mg/l.) ...... 12.02 + 0.41 eae ze ae 
| Root extract of (WH) and GA 
ht 0 ES ssants éme botte 5.41 + 0.24 32.25 
[Distilled water a 15.76 + 0.41 14.21 ie ta 
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Figure 1. Rice. Left to right: Root extract of water hyacinth (WH) and gibberellic acid 
(GA); Gibberellic acid; Root extract of WH; Shoot extract of WH; Distilled water. Loop 
portion showing increased growth. Shadowgraphs after 10 days. 

Figure 2. Left to right: Wheat: Root extract of WH; GA; Distilled water. Oat: Root extract 
of WH; GA; Distilled water. Rice: Root extract of WH; GA; Distilled water. Shadow- 
graphs after 10 days. 

Figure 3. Left to right: Arachis; Root extract of WH; Distilled water; GA. Cicer: Root 
extract of WH; Distilled water; GA. Shadowgraphs after 10 days. 


number increased. A comparison of the effects of the extract with GA would 
show the following peculiarities (Table 3). 

In GA treatment the leaf sheath was more elongated, yellowish and 
slender, but the lamina elongated more in the root extract. Both the leaf 
sheath and the lamina increased proportionately and the plants remained 


Table 3. Influence of root and shoot extracts of Eichhornia and gibberellic acid on seed- 
lings of Oryza sativa Var. Chinsurah Boro I. Average of 10 to 15 seedlings after 10 days. 


Length of NOP OE Length of |Length of the|Length of the 
Treatments- the root eres the shoot | leaf sheath leaf blade 
in cm. in cm. in cm. in cm. 

Distilled water ...... 14.48 + 0.62| 5.37 + 0.45 | 16.44 + 0.74| 8.70+ 0.21) 7.74 + 0.47 

Root extract of (WH)| 7.50 + 0.22 | 10.09 + 0.40 | 29.49 + 0.01 | 13.70 + 0.26 | 15.79 4: 0.13 
Root extract from 

crushed material...| 7.39 + 0.26 | 8.65 + 0.30 | 24.13 + 0.68 | 10.75 + 0.27 | 13.38 + 0.46 

Root extract: boiled.| 10. 0 + 0.22| 6.53 + 0.84 | 23.38 + 0.76 | 12.15 + 0.39 | 11.23 + 0.57 

| Shoot extract of(WH)| 7.66 + 0.49 | 8.90 + 0.41 | 24.90 + 0.75 | 10.37 + 0.15 | 14.33 + 0.45 
Shoot extract from 

crushed material...) 9.57 + 0.26| 7. 9 + 0.21 | 25.93 + 0.57 | 11.40 + 0.31 | 14.53 + 0.44 

Gibberellic acid (10 

MEN ee 11.20 + 0.50 | 6.91 + 0.36 | 27.94 + 0.74 | 18.64 + 0.51 | 9.30 + 0.62 
Root extract of (WH) 

and (GA) (50:50)| 7.30 + 0.75 | 9.20 + 0.25 | 36.65 + 1.32 | 19.92 + 0.98 | 16.73 + 1.15 
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Figure 4. Maize. Left to right: Root extract of WH; GA; 
Distilled water. Shadowgraphs after 10 days. 


erect after 7—10 days treatment with the extract while the GA plants with 
slender weak sheath were found drooping. Root length showed larger inhibi- 
tion but the number of rootlets was increased in the extract. 

The root extract also produced marked acceleration of shoot and inhibi- 
tion of root growth in other crop plants. (Tables 4 and 5, Figures 2, 3, 4 
and 5). The overall effect of the extract was much larger than that of the 
GA. G.A. did not produce any acceleration of shoot growth in Cicer and 
Arachis but the number of nodes increased and the internode length appeared 
to have markedly increased in Cicer after the treatment with the root extract. 


Table 4. Influence of root extracts of Eichhornia and gibberellic acid on seedlings of Triti- 
cum sativum. Avena sativa and Zea mays. Average of 10 to 15 seedlings after 10 days. 


Treatments Length of the root in cm. | Length of the shoot in cm. 
Wheat (Triticum sativum) 
Root extract of (WH) ............ 4.48 + 0.15 29.90 + 0.60 
Gibberellic acid Ay mail. ) ee 4.74 + 0.46 21.86 + 0.73 
Distilled water. ER 7.78 + 0.53 16.30 + 0.50 
Oats ((Avena sativa) 
Root extract of (WH) ............ 3.56 + 0.16 19.50 + 0.40 
Gibberellic acide one 9.30 + 0.70 18.60 + 0.85 
Distillediwater asics ee dene 8.79 + 0.57 13.25 + 0.56 
Maize (Zea mays) 
Root extract of (WH) ............ 7.14 + 0.59 24.19 + 1.46 
Gibberellic ACI A an. alt Pes nore 11.29 + 0.97 16.36 + 0.69 
Distilled Water... 16.35 + 1.56 14.58 + 0.81 
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Figure 5. Mustard: Left to right: Root extract of WH; GA; 
Distilled water. Shadowgraphs after 10 days. 


Discussion 


Evidences for the presence of growth regulating properties of the aqueous 
root extract of water hyacinth have been presented. The extract was effective 
in both cereals and dicotyledonous plants studied in this investigation. It is 
interesting to note that the extract even without chromatographic separation 
exhibits acceleration of shoot growth and inhibition of root elongation. The 
growth regulating properties of the extract is however not identical with IAA 
as the effects are different. 

The test seedlings in the present experiments were kept in the extract and 
the control in distilled water for about 10 days. This may raise a question 


Table 5. Influence of root extracts of Eichhornia and gibberellic acid on seedlings of Cicer 
arietinum, Arachis hypogaea and Brassica campestris. Average of 10 to 15 seedlings 
after 10 days. 


Length of Length of No. of 

nen the root a An) the shoot nodes. 
Gram (Cicer arietinum) 
Root extract of (WH) aja ann maieei 4.00 + 0.17 | 14.71 + 0.36 | 18.71 + 0.70 | 7.14 + 0.51 
Gibberellic acid (10 mg/l.) ...... 6.11 + 0.25 3.20 + 0.62 | 3.38 + 0.16 | 1.60 + 0.21 
Disdlled water vus 7.63 + 0.69 | 5.00 + 0.76 | 7.03 + 0.73 | 2.40 + 0.21 
Ground Nut (Arachis hypogaea) 
Root extract of (WH) ............ 6.02 + 0.47% | 17. 1 + 0.80 | 10.98 + 0.34 | 3.71.+ 0.60 
Gibberellic acid a4 eer ) Fosses 5.83 + 0.39 4.16 + 0.48 | 5.23 + 0.40 | 2.14 + 0.26 
Distilled water. Mie 9.89 + 0.52 4.68 + 0.54 | 6.37 +- 0.40 | 2.20 + 0.15 
Mustard a Best) 
Root extract of (WH) ............] 2.34 + 0.21 5.69 + 0.42 
Gibberellic acid (10 mg/l.) ...... 7.28 + 0.46 4.71 + 0.30 
Distilled water. 22... 3.10 + 0.20 3.82 + 0.15 
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that he treated seedlings were supplied with some nutrients from the root 
extract which was responsible for increased growth. It may however be 
mentioned that in previous sand culture experiments on nutrient deficiency 
of rice plants (Sircar and Datta 1957) no nutrient was added till the seedlings 
were about 10 days old, assuming that the endosperm food was sufficient 
for the normal growth of the seedling. From this consideration as also from 
earlier work (Sircar and Kundu 1959) it is evident that the accelerated growth 
of the seedlings is due to the growth promoting properties of the root extract. 
Preliminary tests with shoot extract of water hyacinth also indicate the 
growth of rice seedlings accelerated but to a lesser extent than in the root 
extract. 


The effects of gibberellic acid on elongation of shoot and inhibition of root 
length have been recently reviewed by Stodola (1958) and Brian (1959). 
Similar results after the application of GA on rice varieties have been pre- 
sented here but the effects of the root extract on rice and other plants are 
not exactly same, the pattern of growth of test plants being somewhat dif- 
ferent from GA. 


The results show that the effects of the extract is more pronounced on 
lamina than on the leaf sheath, the lamina being more increased in treat- 
ments with the extract plus GA than with GA. It is interesting to note that 
the extract produces more nodes in Cicer. 


These differences along with more pronounced growth after application 
of the extract suggest that the growth regulator present in the extract is 
different from GA. The effect of the extract appeares to be additive to GA. 
Work on the exact identification by chromatography and chemical methods, 
its action on cell growth and metabolism is now being actively pursued. 


Summary 


Experiments to demonstrate the presence of growth regulating properties 
of the root extract of water hyacinth (Eichhornia speciosa Kunth) have been 
performed. The aqueous extract in cold was found to have accelerated shoot 
growth of several varieties of rice, oat, wheat, maize, Cicer, Arachis, and 
mustard; and inhibited root growth. A comparison of the effects of extract 
with those of IAA or GA indicates that the growth manifestations are not 


identical suggesting a different type of substance or substances present in the 
root of water hyacinth. 
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A new species of yeast, belonging to the genus Cryptococcus, and named 
Cryptococcus terricolus nov. spec., was recently isolated from different Nor- 
wegian forest soils (Pedersen 1958). Besides being of taxonomic interest, this 
yeast was found to produce lipids in great quantities. The presence of lipids 
could easily be established by microscopical examination, owing to the 
formation of a large lipid globule in every cell. In the present paper, investiga- 
tions on the growth conditions of the organism are presented. The factors 
influencing the lipid synthesis will be treated in a future article. 


Materials and Methods 


Different strains of Cryptococcus terricolus were inoculated on malt agar slants, 
incubated at 25°C for a few days, and kept as stock cultures in a refrigerator. The 
strains were transferred to new slants monthly. In physiological experiments, a two- 
day old culture was used as inoculum. 

In most experiments the following solution (A) was used as a basal medium : 
glucose 10.0 g., KH,PO, 1.0 g., MgSO, : 7H,0 0.2 g. and vitamin-free casamino 
acids 4.0 g. to 1 litre of distilled water. Analytical grade chemicals and Difco vitamin- 
free casamino acids and yeast extract were used. The vitamins used were: inositol 
(Pfanstiehl), thiamine (Eastman), nicotinic acid (Eastman), Ca-pantothenate (East- 
man), pyridoxine hydrochloride (Merck), p-aminobenzoic acid (Light), riboflavin 
(Eastman), and biotin (Hoffman-La Roche). 

The growth of the organism in liquid media was determiaed turbidimetrically 
and measured by a Beckman B spectrophotometer at 560 mu. Within the growth 
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limits occurring in this work, a close relationship exists between turbidity and dry 
weight. If nothing else is stated, the organism was grown in 100-ml. Erlenmeyer 
flasks, containing 20 ml. of nutrient solution. At least five duplicates were used. 

In the experiment on nitrogen fixation the organism was grown in a 1000-ml. 
Kluyver flask, through which air, free from ammonia and oxides of nitrogen, was 
bubbled. To obtain a continuous air supply in some other experiments, a Griffith & 
Tatlock microid flask shaker was used. 


Experiments and Results 


1. Temperature requirements 


Exact determinations concerning the effect of temperature on the growth 
rate were not performed. The growth of the organism was tested at room tem- 
perature (ca. 20°C) and in thermostates of 30, 37, and 45°C. The yeast could 
grow only at 20°C. After eight days at 30, 37, and 45°C, the cultures were 
transferred to room temperature, but this treatment did not result in any 
growth at all. Later experiments proved that the organism could grow at 
28°C. According to this, the maximum temperature is to be found between 
28 and 30°C. 


2. The effect on growth of the hydrogen ion concentration 
of the medium 


When the organism is grown in a liquid synthetic medium, containing an 
inorganic nitrogen source, in addition to sugar and salts, the growth usually 
causes a strong shift of the pH value of the solution. However, a medium 
offering good growth conditions and keeping the pH relatively constant was 
prepared as follows: One volume of medium A, double strength, to which 
was added 4.0 g. of yeast extract, was mixed with one volume of a phosphate 


TURBIDITY 


Figure 1. Influence of hydrogen ion concentra- 
tion on the growth of Cryptococcus terricolus. 
1=2 days, 2=5 days, 3=8 days. 


2 3 4 5 6 7 8 pH 
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buffer (0.15 M), to obtain the desired pH values. By the addition of phos- 
phoric acid or sodium hydroxide, this mixture covered pH values from 2.0 
to 9.0. 

The growth of C. terricolus at different hydrogen ion concentrations is 
shown in Figure 1. Growth occurred within the pH-range 2.4—7.5, with a 
broad optimum between 4.8 and 6.5. The growth was as good at pH 4.0 as 
at the neutral point. 


3. Growth substance requirements 


Preliminary experiments showed that C. terricolus could assimilate syn- 
thetic nutrient solutions containing only glucose and inorganic salts. To 
ascertain whether the addition of growth substances had any stimulatory 
effect on the development of the organism, the following three series were 
started: 1. Medium A, 2. Medium A plus 1.0 g. yeast extract per litre, and 
3. Medium A plus 2000 ug inositol, 400 ug thiamine, 400 ug niacin, 400 ug 
Ca-pantothenate, 200 ug pyridoxine, 200 ug p-aminobenzoic acid, 200 ug 
riboflavin, and 2 ug biotin per litre. 

The growth in these three different media is shown in Figure 2. The best 
growth was obtained without addition of vitamins. An addition of yeast 
extract or vitamin mixture inhibited growth to a certain extent. 

In experiments where varying amounts of thiamine or inositol were added, 
a definite inhibition by thiamine could be observed, whereas the organism 
was indifferent to, or slightly stimulated by, inositol. A full account of these 
results will be given in a future paper. 


1.50 
2 
3 
= 
à 1.00 
è 
= Figure 2. The effect of vitamin supply on the 
growth of Cryptococcus terricolus. 
0.50 


1=no addition 
2=addition of a mixture of vitamins (further 
explanation in the text). 
3—= addition of yeast extract. 
6 8 10 12 lé DAYS 
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Table 1. Influence of different nitrogen sources on the growth of Cryptococcus terricolus. 
Start pH 5.3 in all series. 


| Addition per litre : ner et! Bun! 
2 days | 4 days 6 days 8 days | 12 days pH 
INomadditionrrrss re. 0.04 | 0.25 0.35 0.36 0.37 4.9 
0,535 g- NH,CL 22.5. 0.04 0.33 0.64 0.96 1.32 4.1 
DOS ERNO rn. 0.04 0.44 0.81 0.95 1.65 6.8 
0530078 Zurean nenne 0.04 0.35 0.66 0.91 1.31 7.5 
0.750 g. asparagine ............ 0.04 0.32 0.64 0.99 1.29 7.0 
2.000 g. vit. free cas. acid 0.04 0.40 0.78 0.99 1.28 5.2 | 


4. Nitrogen nutrition 


The ability of the organism to utilize different forms of nitrogen was 
investigated in an experiment in which medium A, minus vitamin-free cas- 
amino acids was used. In different series, equivalent quantities of nitrogen 
were added as ammonium chloride, potassium nitrate, urea, asparagine, and 
vitamin-free casamino acids (Table 1). The nitrogen content of the last- 
mentioned preparation amounted to ca. seven per cent, on a dry weight basis 
(Difco Manual 1948). 

The different nitrogen compounds tested could all be utilized by the 
organism. Up to the eighth day, the growth was approximately equal in the 
five series containing nitrogen. Later, however, it was faster in the potassium 
nitrate series. This will be discussed elsewhere. A growth-depressing effect, 
due to an increase in pH, might possibly have restricted the growth to a 
slight extent in the medium containing urea. In the other media the final 
pH values were within the range giving 90 per cent of maximum yields. 

In the first six days, the growth was surprisingly good in the series without 
nitrogen. Probably, the nitrogen of the inoculum, together with some nitro- 
gen compounds in the water and in the air, were sufficient for restricted 
growth. 

In an experiment in which the yeast was grown in an atmosphere free 
from ammonia and oxides of nitrogen (using Fogg’s technique 1942) no net 
increase of the total nitrogen content of the cell population was found, thus, 
no fixation of elementary nitrogen occurred. 


5. Influence on growth of continuous air supply 


In standing uniform conical flasks, containing varying quantities of 
nutrient solution, it was easy to see that the growth was best in the flasks 
with the most shallow liquid layers. In consequence, a possible effect of 
aeration on the cultures was investigated. The yeast was grown in 300-ml. 
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Figure 3. Influence of air supply on the 
growth of Cryptococcus terricolus. 


1=continuously shaken 

2=shaking interrupted after 4 days 

3=standing flasks each containing 50 ml. 
solution. 

4=standing flasks each containing 100 ml. 
solution. 


TURBIDITY 


conical flasks, containing 50 ml. of medium A. The flasks were shaken 
continuously. 

Figure 3 shows the favourable effect of aeration on the growth of the 
organism. In flasks shaken continuously, the growth, after eight days, was 
approximately 20 times as abundant as in the corresponding standing flasks. 
A comparison of two uniform standing flasks proved the growth to increase 
with decreasing quantities of solution. Interruption of the aeration caused a 
sudden stagnation of the growth (curve 2). Thus, maximum development of 
C. terricolus presupposes a continuous air supply. 

Ammonium nitrogen was a better nitrogen source than nitrate, when the 
‚cultures were shaken, whereas nitrate gave a better growth than ammonium 
salts in standing flasks (Table 2). This was probably due to the fact that 
nitrate, serving as a hydrogen acceptor, partly compensated for the oxygen 
of the air. The reduction of nitrate was proved by the presence of nitrite 
after a few days’ growth. Nitrite was present in the medium even if the 
‚culture was shaken. 


6. Influence on growth of different carbon sources 


A. Carbohydrates 


In this investigation the following concentrated medium was used: 
(NH,)2SO, 25.0 g., KH,PO, 5.0 g., MgSO, : 7H,0 0.5 g., CaCl, -2H,O 1.0 g., 
and distilled water to one litre (standard substrate of Lodder and Kreger- 
van Rij 1952, p. 25). This solution was sterilized by autoclaving. Concen- 
trated solutions of the different carbohydrates were sterilized by repeated 
steamings for 20 minutes, three days running. After one part of the con- 
centrated salt solution and four parts of the different carbohydrate solu- 
tions had been mixed, the final concentration of carbohydrates was 0.5 per 
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TURBIDITY 


Figure 4. Growth of Cryptococcus terri- 
colus with different pentoses and the me- 
thylpentose rhamnose as carbon sources. 


1=arabinose 
2=xylose 
3=rhamnose. 


2 4 6 8 10 12 % 16 18 20 DAYS 


cent, except for starch, dextrin and inulin. The final concentration of these 
compounds was 0.75 per cent. With these relatively small sugar contents, 
the pH varied within the optimal range. 

The growth on the pentoses, arabinose and xylose, and the methylpentose 
rhamnose, is shown in Figure 4. The organism could use both arabinose and 
xylose with fairly good results. Rhamnose could be assimilated only after a 
long period of adaptation, after which, however, the growth rate was quite 
high. 

The four hexoses tested could all be utilized by the organism. They gave 
nearly the same results (Figure 5). 

Figure 6 presents the growth on four different disaccharides. With cello- 
biose as carbon source, the growth rate was surprisingly high, and the 
organism started growing without any adaptation phase. 

The trisaccharide raffinose gave a good growth (Figure 7), but the 
organism needed a certain period of adaptation. Dextrin was used as C-source 
with good results. Starch, however, was assimilated only after a very long 
adaptation period. Inulin was used by the organism only to a very slight 
degree. 


Table 2. Assimilation of nitrate- and ammonium-nitrogen in standing and shaken flasks. 


ee 


Turbidity after N-rest after 5 days 
Addition per litre Treatment rn: 
2 3 days | 5 days NH,+ NO,— | NO, — 
0.535 g- NH,CI ......... shaken 7.81 12.18 0 — = 
0.535 g. NH,CI ......... standing 0.43 0.64 ar = 22 
1.011 g. KNO, ......... shaken, 4.07 11.13 0 0 A+ | 
1.011 g. KNO, ......... standing 0.50 0.90 0 te cL 
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Figure 5. Growth of Cryptococcus terri- 
colus with different hexoses as carbon 
sources. 


TURBIDITY 


1=galactose 
2=glucose - 
3= fructose 
4—mannose. 


2 4 6 8 10 12 14 % 18 20 DAYS 


Finally, cellulose was not attacked by the organism. In this series, the 
yeast was inoculated on filter paper, and the number of cells determined by 
plating and counting. 

Supplementary to this, the influence of varying glucose concentrations on 
the growth of the organism was determined. Medium A, containing only 
2.0 g. of vitamin-free casamino acids, was used. The following quantities 
of glucose were added per litre of basal solution: 0, 1, 10, 50, 100, 150, 200, 
250, and 300 g. 

The organism grew at all the sugar concentrations tested, except at 300 g. 
per litre (Figure 8). This concentration prevented growth completely. In 
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Figure 6. Growth of Cryptococcus terri- 
colus with different disaccharides as car- 
bon sources. 
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1=lactose 
2=cellobiose 
3=maltose 
4=saccharose. 
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the solution containing 250 g. glucose per litre the organism grew only after 
a period of adaptation. Optimum growth occurred at the lowest glucose 
concentrations, e.g. 1—10 g. per litre. However, in these series the growth 
rate decreased as the sugar was being utilized. The inverse was the case at 
higher sugar concentrations. The growth rate decreased regularly with 
increasing sugar contents during the first days of growth. As the growth 
period was prolonged, the differences between the yields at higher sugar 
concentrations decreased. 


B. Other carbon sources 


In addition to the carbohydrates, the following carbon compounds were 
tested as energy and carbon sources: citric acid, succinic acid, ethanol, 
acetate, and glycerol. The different compounds were added in quantities 


Figure 8. Influence of varying concentrations of 
glucose on growth of Cryptococcus terricolus. 
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Figure 9. Growth of Cryptococcus terricolus 


È 1.0 on certain organic compounds. 
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=“ A. 1=glucose 

» 03 2=control 


3=succinic acid 
4=citric acid 

B. 1=ethanol- 
2=acetate. 
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equivalent to the carbon content of 10 g. of glucose. The medium was the 
same as that used for testing the carbohydrates, except for citric and succinic 
acid. With these compounds, the ammonium nitrogen was replaced by 
casamino acids in order to improve the buffer effect. Because of this, some 
growth occurred in the control flasks (Figure 9 A). Ethanol was added after 
the basal medium had been autoclaved and cooled. 

Of the five substances tested, only glycerol failed to serve as-a carbon 
source for the organism. None of the tested compounds caused as good 
growth as did glucose. Acetate and ethanol gave only a very 1estricted growth. 
The growth on acetate stagnated after 10—12 days, whereas the slight 
growth on ethanol seemed to continue. 

Succinic acid permitted a comparatively active growth. After an adapta- 
tion period, the growth was also fairly good with citric acid as a substrate. 


Discussion 


Yeasts are relatively indifferent to the pH of their environment over a 
fairly wide range (about 3.5—8), owing to the fact that the pH of the 
interior of the cells seems to be maintained at about 6 (Ingram 1955). The 
growth o! C. terricolus occurred within the range 2.4—7.5. As is generally 
the case, this yeast is favoured by slightly acid conditions. The upper pH 
hnit of growth seems to be normal. However, most yeasts tolerate, but do 
not gıow at pH 2.5, or below (Morris 1958). Recca and Mrak (1952), how- 
ever, isolating 92 yeasts from very acid citrus products, found that 54 of 
the strains grew at a pH of 1.5, and practically all at pH 2.0. These yeasts 
were, of course, adapted to very acid substrates. Although C. terricolus is not 
adapted to such low pH values, it was isolated from fairly acid soils (pH 
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4.0—4.4). This might perhaps be the reason why the growth of C. terricolus 
was unusually good at low pH values. 

Only a few yeasts can synthesize all the different nutrilites needed for 
optimal growth and grow without growth factors in their culture media. At 
least six such factors are known to be important for the growth of yeasts, 
e.g. thiamine, biotin, inositol, nicotinic acid, pantothenic acid, and pyridoxine; 
p-aminobenzoic acid has been shown to be essential for the growth of Sac- 
charomyces cerevisiae. All yeasts can synthesize riboflavin. When these eight 
substances were mixed and given to Cryptococcus terricolus, the growth was 
partially inhibited. 

A growth-depressing effect on certain microorganisms resulting from 
addition of nutrilites to the medium, has been described earlier. Schopfer 
(1935) found that several fungi, belonging to the genus Rhizopus, were 
inhibited by the presence of small amounts of thiamine. Lochhead and 
Landerkin (1942) noted a slighily depressing effect of thiamine on different 
strains of osmophilic yeasts. Chiao and Peterson (1956) reported that thiamine 
may be stimulatory, ineffective, or inhibitory to the growth of Saccharomyces 
carlsbergensis, depending on the circumstances. They tried to explain this 
inhibition as being due to a block of the amino acid synthesis. Physiological 
changes of yeasts, due to the growth taking place in media with abnormal 
nutrilite supplies, are also known. Challinor and Daniels (1955) found that 
cells of S. cerevisiae increased their lipid content when grown in a medium 
deficient in inositol. Cryptococcus terricolus was found to be inhibited by 
thiamine. This phenomenon, however, requires further studies to be fully 
understood. 

The ability to assimilate nitrate was employed as a taxonomic test in yeast 
systematics by Stelling-Dekker (1931), and the problem was further inves- 
tigated by Nickerson (1944). He supposed that demonstration of nitrite in a 
nitrate medium, by means of the sulfanilic acid-a-naphthylamine test, is a 
sufficient proof that nitrate has been assimilated. Lodder and Kreger-van 
Rij (1952), however, found no parallelism between the outcome of the nitrite 
test and the ability of the yeast to assimilate nitrate. 

In C. terricolus it was found that both ammonium and nitrate could serve 
as nitrogen sources; ammonium giving the best result in aerated, and nitrate 
in non-aerated solutions. Obviously, nitrate serves as a hydrogen acceptor, 
partly compensating for the oxygen deficiency in non-aerated solutions. 
Hence, the presence of nitrite need not be a proof of nitrate assimilation 
taking place, but may also be a result of nitrate respiration. When yeasts 
are grown anaerobically, the characteristic “nitrate reduced” probably means 
a combination of these two phenomena. In C. terricolus no gaseous end- 
products emerge during the reduction, as determined by the usual Durham 
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technique. Thus, the process could not be classified as denitrification in the 
proper sense of the term. 

C. terricolus can utilize a great variety of carbon sources. It is interesting 
to note that sugars, usually occurring as components of higher carbohydrates, 
predominating in forest soils, could be assimilated with good results. Xylose 
and cellobiose both are important components of “native” cellulose, which 
is present in great amounts in forest litter; both sugars are easily assimilated. 
The power of yeast to split the ß-glycosides cellobiose and lactose is great, 
whereas on maltose the initial growth is very meager. However, the ability 
to split B-glycosides is not general, the test for arbutin usually being negative 
(Pedersen 1958). As this yeast is a good lipid producer it seems rather strange 
that glycerol could not be assimilated, especially as this substrate normally 
is used by most yeasts. 


Summary 


1. Optimal growth occurred between 20 and 25°C, and the upper tem- 
perature limit of growth between 28 and 30°C. 

2. Maximum growth of the organism was found to occur at pH 4—7. No 
growth occurred at pH 2.0 and 7.8. 

3. The organism was found to be able to synthesize all the nutrilites 
needed from simple synthetic media. Added to the medium, thiamine partially 
inhibited growth. 

4. The following nitrogen sources were utilized by the organism with good 
results: ammonium chloride, potassium nitrate, urea, asparagine, and vita- 
min-free casamino acids. 

5. Aeration of a liquid culture of the organism improved the growth. 
Nitrate replaced oxygen to a certain extent. 

6. The following carbohydrates were utilized with good results: arabinose, 
xylose, fructose, galactose, glucose, mannose, cellobiose, lactose, maltose, 
saccharose, raffinose, and dextrin. Rhamnose and starch were assimilated 
after an adaptation phase. Inulin was assimilated very weakly. Cellulose was 
not assimilated. 

Moderate growth occurred on succinic and citric acid, weak growth on 
ethanol and acetate, and no growth on glycerol. 


The optimal concentration of glucose was 1—5 per cent. 


The author is greatly indebted to Professor Dr. G. Lindeberg for his never-failing 
interest and support throughout the work. 
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Prolonged washing of storage tissue disks in running tap water increases 
their salt-accumulating capacity. This fact, early recognised by Steward 
(Steward, Berry, and Broyer 1936) and Asprey (1937), led to the adoption 
of a fixed period of washing in either tap water or distilled water as standard 
procedure in the preparation of disks for salt absorption experiments. The 
modus operandi of this treatment which enhances the absorptive capacity 
of the disks, was generally thought to reside in its leaching action. Asprey 
(1937), on the basis of experiments with potato and artichoke disks dissented 
from this view, but on the other hand Steward, Berry, Preston, and Rama- 
murti (1943) considered the effects of washing on subsequent uptake by 
potato disks to be explicable mainly in terms of the leaching from the tissue 
of solutes, both organic and inorganic. Rees (1949). from a study of the 
effect of running tap water on disks of red beet, artichoke and parsnip, con- 
cluded that this treatment induced higher salt uptake partly at least, as the 
result of a continuous removal of electrolytes from the washed tissue, and 
Davies and Wilkins (1951) preparatory to salt uptake experiments thought 
it necessary to wash carrot disks for 5 days in distilled water to leach out 
some of the salts. On this view the salt uptake consequent to washing is 
largely a replacement of electrolytes lost by leaching thereby restoring the 
salt concentration to that of the uncut tissue. The longer the washing period, 
the greater is the salt deficit and therefore the greater the absorbing capacity 
of the tissue. The investigation reported here was designed to test the validity 


of this hypothesis by analysis of the mineral content of disks subjected to 
continuous washing. 
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Methods 


Storage tissue of red beet (Beta vulgaris var. rapa), sugar beet (B. vulgaris var. 
saccharifera), carrot (Daucus carota), swede (Brassica napus) and potato (Solanum 
tuberosum), all except sugar beet grown at the Institute, provided the material used 
in the investigation. The method of preparing the disks and the apparatus con- 
structed for maintaining them under controlled conditions of temperature and 
aeration, have been described in an earlier paper (MacDonald and Knight 1958). 
As explained in that paper a supply of fresh tap water brought to the required 
temperature continuously passed through the disk washer at a rate of between 
200 and 300 ml. per minute. In the present series, experiments were conducted at 
25, 15, and 2°C. with a refrigeration coil in the washing unit for the low tempera- 
ture experiments. Daily, or at other suitable intervals, a sample of disks was with- 
drawn from the washer for mineral analyses. The sample normally consisted of 
30 disks. The disk dimensions being 1.1 cm.X0.1 cm., 10 disks when freshly cut 
weighed approximately 1.0 g. and all chemical measurements were calculated back 
to this initial fresh weight value since both the fresh weight and dry weight of the 
disks change with time. Ion levels are expressed either as micrograms per g. fresh 
weight, i.e. p.p.m., or as micro-equivalents per g. fresh weight. 

The sample after being oven-dried was ashed at 450°C., extracted in 1 °/o HCl 
and analysed spectrochemically for K, Na, Mg, and Ca. Phosphorus was determined 
on the same extract by the hydrazine-molybdate method. For iron estimations (by 
the dipyridyl method) a further sample was ashed and the ash fused with Na,CO, 
in a platinum crucible before extracting with 6 N HCl. Total nitrogen was estimated 
by the micro-Kjeldahl method. Total sulphur was estimated by precipitation as 
barium sulphate after digestion of the material with a nitric acid—perchloric acid 
mixture. The precipitate was dissolved in standard EDTA solution in the presence 
of ammonia followed by titration of the excess EDTA with magnesium chloride 
using Eriochrome Black as indicator (Mason 1959). Chloride was estimated by the 
silver nitrate-ammonium thiocyanate volumetric method. 


Results 


The effect on the cation content of disks of running tap water 
maintained at different temperatures 


Sugar beet. The levels of K, Na, Mg, and Ca obtained from daily analyses 
of sugar beet disks maintained at 25°C. are shown in Figure 1. Na shows 
the most variation increasing by more than 100-fold from 45 to 5500 ug./g. 
after 11 days’ washing. K fell for 2—3 days but thereafter steadily rose. 
Mg also showed a steady although later rise. Ca alone showed no significant 
change. The cation content of a series of disks maintained at 15°C. under- 
went similar changes, increases although less rapid being of the same magni- 
tude. Whereas the Na content of disks at 25°C. reached 5500 ug./g. in 11 
days, disks at 15°C. took 20 days to attain this level. In disks maintained 
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19/9 Figure 2. Fe and K 
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Figure 1. K, Na, Mg, and Ca levels in sugar beet disks 
maintained at 25°C. 
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at 2°C. Ca remained steady while both K and Mg fell slightly. Na rose at a 
constant rate from 45 to 415 ug./g. in 12 days. 

The iron level of the disks maintained at 25 and 15°C. remained constant 
throughout the experimental period but in an early experiment of this type 
in which a disk washer was set up in the Institute greenhouse, a series of 
sugar beet disks washed between 7—10°C. showed Fe changes as illustrated 
in Figure 2. The changes in the other cations of the series were similar in 
all respects to those of disks at 15 and 25°C. (the typical K pattern from 
sugar beet disks is also shown in Figure 2) and the difference in Fe uptake 
between this and the later experiments was doubtless the result of iron from 
the pipes being present in the greenhouse tap water in considerable amounts. 

Red beet. Cation changes in red beet disks at 25°C. are shown in Figure 3. 
The affinity of red beet tissue for Na exceeds even that of sugar beet, prac- 
tically 6,000 ug./g. being absorbed within a week. Ca increases slightly while 
the increase in Mg, although in some series more than that shown in Figure 3, 
is very much less than that recorded for sugar beet. The main difference 
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Figure 4. K, Na, Mg and Ca 
levels in carrot disks main- 
tained at 25°C. 
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Figure 3. K, Na, Mg and Ca levels in red beet disks 
maintained at 25°C. 
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between the two tissues, however, lies in the fact that K is steadily lost from 
red beet. The temperature effect on the. cation content of red beet disks is 
similar to that for sugar beet. At 15°C. a maximum Na level of 6,000 ug./g. 
was recorded after 15 days. At 2°C. the disks continued to lose K. Ca and 
Mg remained unaltered but Na had increased to 900 ug./g. by 10 days. 

Carrot. K, Na, Ca, and Mg all increase in carrot disks at 25°C. (Figure 4). 
K is absorbed in greatest quantity. In comparison with the beets the increase 
is short-lived and after 7 days loss of cations begins but at 15°C. absorption 
of all 4 ions continued until the 18th day when the experiment was dis- 
continued. Here too, K showed the greatest increase rising from 1400 to 
4000 ug./g. while Na rose to 1400 ug./g. At 2°C. after an initial fall in K 
there was a slight increase in K, Ca and Mg towards the end of a 14-day 
experiment. 

Swede. Figure 5 illustrates the cationic changes in swede disks at 25°C. 
Here again K absorption predominates, a value of 4800 ug./g. being obtained 
in 14 days. Ca, and particularly Mg, increase appreciably but Na, in con- 
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trast to the 3 preceeding tissues, increases only slightly. The same pattern 
is obtained at 15° C., K rising from 1200 to 5500 ug./g. in 24 days. Absorp- 
tion of Mg, Ca, and Na followed in that order, the latter increasing from 
70 to 160 :.4./g. after 14 days and thereafter showed no further increase. At 
2°C. Na and Mg remained unchanged, Ca increased from 200 to 600 ug./g. 
while K fell from 1400 to 900 ug./g. and in a separate experiment from 
1600 to 400 ug./g. after 21 days. 

Potato. The keeping quality of potato disks at 25°C. is very poor and they 
begin to disintegrate quickly after 7 days. Figure 6 shows that the out- 
standing feature of the mineral changes is the loss of K. Na and Ca remain 
fairly steady but there is some loss of Mg. A rapid loss of K and Mg also 
occurs at 2°C. 
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The effect on the anion content of disks of running tap water 
maintained at different temperatures 


In contrast to the gross changes which occur in the cation content of disks 
during washing, the changes in the anion levels where significant were, by 
comparison, inconsiderable. Moreover, the selectivity so marked in cation 
absorption, was much less in evidence with anions. | 

Phosphorus. After a 2-hour rinse in water, disks of both sugar beet and 
red beet contained just under 200 ug.P/g. The P content of disks from both 
tissues showed no significant change at 25 or 15°C. but at 2°C. there was a 
slight loss. Over a 2-week period the P content of carrot remained close to 
its initial value (about 250 ug./g. after rinsing) at all temperatures. Some 
loss of P occurred in disks of swede and potato both of which had an initial 
content of approximately 200 ug./g. The loss was most rapid in potato disks 
which at 25°C. lost almost half of their P within 1 week whereas swede 
disks required 2 weeks to lose that amount. Loss of P although slower con- 
tinued at 2°C. again the loss being more rapid in potato than in swede. 

Nitrogen. In three tissues N increased with time. The increase was greatest 
in sugar beet disks N rising from 1000 to 2000 ug./g. during 7 days at 25°C. 
An equivalent, although slower increase was recorded by disks at 15°C. 
The increase in red beet and carrot disks was only slightly less than that 
recorded for sugar beet. Swede disks showed no significant change at 25°C. 
but a small increase was observable at 15°C. A slight loss of N was sustained 
by potato disks during washing. 

Sulphur. The changes in total S did nöt show any significant differences 
between the five tissues. In general the S content doubled in each tissue 
during washing at 25°C. for periods between 7—14 days. At 25°C. S increased 
in sugar beet from 70 to 170 ug./g., in red beet from 80 to 160 ug./g., in 
potato from 110 to 180 ug./g., in carrot from 210 to 370 ug./g., and in swede 
from 300 to 530 ug./g. 

Chlorine. C1 also showed similar increases, from 500 to 1500 ug./g. in 
sugar beet and from 1000 to 2000 ug./g. in red beet at 25°C. In potato, how- 
ever, Cl fell from 2700 to 1000 ug./g. 


Mineral content of sugar beet disks washed in distilled water 


A batch of disks from one sugar beet was divided into 2 lots, one of which 
was washed in tap water and the other in distilled water both at 15°C. In 
the distilled water washing unit it was impracticable to maintain a continuous 
flow but the water was changed twice daily. In the course of a 2-week 
experiment the disks washed in tap water showed increases in N, K, Na and 
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Table 1. Analysis of tap water in p.p.m. 


Total dissolved solids ........ 36 Chlorides rss acc crue 8.0 
Potassium ee 0.4 Nitrater: 75 ec -stececee 0.1 
Sodiums re pes 2.6 Sulphate Sn. "eee 3.0 
CRTC ee 2.8 Free ammonia. ee oe ee 0.015 
Magnesium ...........-..+-- 0.5 Albuminoid ammonia ........ 0.012 
re em er < 0.01 sks Bee pqdnc en er 6.7—6.8 
Phosphaté ee re ee < 0.01 


Mg comparable to those recorded above, whereas in the disks maintained 
in distilled water the only significant change in the mineral content was a 
loss of K. 


Analysis of the tap water 


The water passing into the disk washing apparatus has been analysed on 
several occasions during the past four years. Typical results are shown in 
Table 1. It should be noted that the mineral content of the tap water in this 
area is comparatively low. 


Discussion 


Exosmosis of ions during washing 


The results clearly demonstrate that sustained depletion of the total ion 
content of disks washed in tap water does not occur and that the continued 
removal of any one ion is the exception rather than the rule. More specifically 
the “leaching effect” of prolonged washing appears to be exerted mainly 
on K and that only for disks of red beet and potato. However, the zero time 
value recorded on the foregoing figures represents the ion content of disks 
which after cutting had been rinsed until visible cellular exudation had 
ceased (easily detectable for instance with red beet disks), generally after 
1—2 hours. To estimate the loss of cations during this initial rinse, samples 
of untreated disks were analysed and compared ‘with rinsed disks from the 
same tissues. This analysis showed that only K and Mg suffered any 
appreciable loss during rinsing; with K the loss was considerable. Table 2 
shows the percentage of K and Mg remaining in the tissue both after rinsing 
and after 24 hours washing. Obviously the main loss of ions occurs during 
the first rinsing and, except in red beet and potato in which there is a con- 
tinued removal of K anyway, there is subsequently little further loss. 

Stiles (1927) who followed conductometrically the exosmosis of electro- 
lytes from disks of red beet and carrot, obtained substantially similar results 
observing that the conductivity of the medium rose for about 24 hours and 
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Table 2. Jon content of disks as percentage of initial content 
N EEE Fe 


: Potassium Magnesium 
Tissue 
Rinsed 2 hours | Washed 24 hours | Rinsed 2 hours | Washed 24 hours 
Sugar beet....... 29.2 23.2 66.6 72.2 
Red beet.......... 60.1 43.5 53.6 46.8 
GATLOE een 53.7 55.0 95.3 200.0 
Swede! is 50.0 48.8 116.2 209.3 
Potato 66.6 41.4 80.1 46.3 


thereafter fell steadily as the electrolytes were reabsorbed. We have also 
confirmed the observation by Stiles that agitation of the tissue is of para- 
mount importance in maintaining its vitality. If, as sometimes happened, the 
air supply aerating and agitating the disks failed, resulting in the disks lying 
undisturbed for a few hours, it was found that the ion content of the tissue 
did not show the normal daily increment. Generally under these circum- 
stances there was a slight reduction, amounting to approximately the previous 
day’s increment, in the ion being preferentially absorbed e.g. Na in the beets 
and K in swede. 

Although prolonged washing in tap water causes a loss of K ions from 
red beet and potato tissue, to characterise this as a “leaching effect” which 
connotes an essentially physical action is not justifiable. The correlation 
between K loss and temperature in red beet disks as shown in Figure 7 
suggests that the loss of K is related to the metabolic status of the tissue 
and is reminiscent of the relationship between temperature and Na excretion 
from a Na-yeast shown by Conway, Ryan, and Carton (1954), who con- 
cluded that the loss of Na from yeast was an active process. 


H9/9 


Figure 7. K levels in red beet disks maintained at 3 temperatures. 
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Ion accumulation 


One of the most striking findings of this investigation is that ions present 
in tap water can be accumulated by the disks to a level comparable to that 
attained in more conventional salt uptake studies. For instance Sutcliffe 
(1957) found that during a 72-hour period at 25°C. red beet disks absorbed 
155 ueq. Na/g. fr. wt. from 0.01 M NaCl and 185 ueq. Na/g. fr. wt. from 
0.02 M NaCl. From Figure 3 it will be seen that during the 72-hour period 
between the 2nd and 5th day (the period of maximum absorption) red beet 
disks absorbed 187 ueq. Na/g. fr. wt. from tap water in which Na is present 
in a concentration of roughly 0.0001 M (Table 1). 

This value of 187 ueq. Na/g. absorbed in 3 days represents less than the 
amount of Na present in 2 litres tap water (220 ueq. Na). Since on an average 
there would be 2000 disks present in the washer this rate of absorbing would 
withdraw all the Na from 110 litres per day. With a through-put of approxi- 
mately 450 litres per day there is clearly a more than adequate replacement 
of the Na absorbed. Under these conditions therefore absorption will proceed 
without interference resulting from a lowering of the ion concentration in 
the medium. 

Moreover it would seem that the experimental technique used in this 
laboratory for incubating disks permits the maximum development of the 
absorptive capacity of the disks, for their ability under these experimental 
conditions to concentrate ions, as distinct from absorbing ions, is even more 
striking. If the concentration of the ion present in tap water (Table 1) is 
compared with the maximum level accumulated in the disk it will be seen 
that the ratio of internal to external concentration attained for Na by red 
beet disks (Figure 3) exceeds 2300, while the ratio for K attained by swede 
disks at 25°C. (Figure 5) is almost 12,000 and at 15°C. almost 14,000. It is 
well known that decreasing the external concentration of an ion leads to an 
increase in the internal-external ratio, but even so these values seem very 
considerably higher than any previously recorded for angiospermic tissue. 
Hôber (1947) states that accumulation ratios in excess of 1000 have been 
reached with barley roots exposed to very dilute solutions. From algae on 
the other hand Collander (1936) reported a K ratio of 1900 for Nitella flexilis 
and Chara ceratophylla and Na ratios of 390 and 400 respectively. Stiles 
and Kidd (1919) maintained carrot disks at 20°C. in single salt solutions of 
KCI and NaCl at various concentrations, the most dilute being 0.0002 M in 
each case. From this concentration, which approaches that of our tap water 
where the Na concentration is 0.0001 M and the K concentration 0.00001 M, 
they recorded absorption ratios after 2 days of 25.0 for K and 46.7 for Na as 
compared with maximum values of 8250 for K and 670 for Na otbained in 
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this investigation (Figure 4). Values calculated from most published results 
generally fall between 10 and 20. Steward and Millar (1954) however after 
14 days incubation of a (relatively) non-growing carrot-tissue culture in a 
107$ mol./l. solution obtained a 137Cs absorption ratio of 2130. 


Selective absorption of cations 


Several pieces of evidence point to the ion uptake by the disks being an 
active and selective process. None of the tissues absorbed ions in amounts 
proportionate to the levels present in tap water in which as milli-equivalents 
in order of relative abundance Ca > Na > Mg > K. Instead each tissue in- 
variably manifested its own characteristic absorption pattern and it is pos- 
sible to distinguish the tissues individually according to their relative affinities 
for Na and K, viz., 


Red beet: Increase in Na accompanied by loss of K. 

Sugar beet: Increase in Na accompanied (later) by a lesser increase in K. 
Carrot: Increase in K accompanied by lesser increase in Na. 

Swede: Increase in K unaccompanied by any significant increase in Na. 
Potato: Loss of K with no change in Na. 


The relative affinities of the tissues for Na, K, Mg and Ca were: 


Sodium: Red beet > sugar beet > carrot > swede and potato. 
Potassium: Swede > carrot > sugar beet > red beet and potato. 
Magnesium: Swede > carrot > sugar beet > red beet and potato. 
Calcium: Swede and carrot > sugar beet, red beet and potato. 


Such differential absorption of ions clearly points to selection by the tissue. 
It would seem that this method of gauging the affinity of different tissues 
for cations, especially Na and K, is fairly reliable since the results obtained 
are in agreement with observations made by other workers. Sutcliffe (1957) 
showed that disks of red beet preferred Na to other ions and Robertson et al. 
(1955) observed that the amount of Na absorbed by mitochondria from red 
beet was very much higher than the amount of K absorbed. 

The fact that ion absorption by the disks is selective is in itself evidence 
that the uptake is by an active mechanism since uptake occurring by 
exchange phenomena or in response to Donnan adjustment is mainly non- 
selective. Moreover if the absorption was effected by physical determinants 
preferential uptake of the divalent ions would occur. The absorption of K 
and Na therefore emphasizes the biological nature of the mechanism. The 
effect of temperature further confirms the active nature of the absorption, 
non-metabolic uptake being less affected by temperature. 
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The mechanism of absorption is obviously related to metabolic changes 
occurring in the disks. It is particularly noticeable that the rate of absorption 
is not linear and that the rapid phase of uptake only commences after a 
temperature-determined interval (usually 24—48 hours at 25°C.) during 
which the rate of absorption gradually increases. In this respect absorption 
differs from respiration which increases rapidly from the moment of cutting 
(MacDonald and DeKock 1958). Moreover the rate of absorption continues 
to increase after the respiratory peak has passed. Absorption, therefore, 
appears to be related to respiration indirectly and its intensity may be 
related to the production of carriers or ion-binding compounds in the disks. 
That a synthesis of organic compounds occurs in disks maintained as in the 
present investigation will be shown in a subsequent publication. 


Cation-anion balance within the tissue 


Since the very considerable increase in the cation content of the disks is 
not accompanied by a corresponding increase in the inorganic anions (phos- 
phate, sulphate, and chloride), and as it has been shown (Ulrich 1941) that 
the deficit between total cations and total inorganic anions in barley roots 
is usually accounted for by the anions of di- and tri-carboxylic acids, some 
determinations of the organic acid content of the disks were made by methods 
previously described (DeKock and Morrison 1959). 

It was found that in red beet disks the major change in organic acid 
levels occurred with oxalate which increased from a negligible amount in 
‘freshly cut disks to 6 °/o of the dry weight (140 ueq./g. fresh weight) after 
7 days’ washing at 25°C. The other carboxylic acids present (citric, malic, 
succinic, and fumaric) showed characteristic increases and decreases and 
totalled about 20 ueq./g. on the 7th day. Adding to this 40 ueq./g. for inorganic 
anions, the total anion value of 200 ueq./g. compares well with a total cation 
value of 210 ueq./g. in disks aged 7 days. Thus for red beet it seems that the 
main anion balancing the cations absorbed is oxalate produced metabolically 
in the tissue. A similar increase was detected in the oxalate content of sugar 
beet disks. 


Comparative physiology of disks and plants 


This investigation brings into prominence the question of the relation of 
salt absorption by storage tissue disks to that by normal roots. It is obvious 
as regards both the nature and the quantity of ions absorbed that the tissue 
disks behave very differently from the growing plant. 

It may be significant that the few comparable accumulation ratios attained 
by plant tissue are to be found almost exclusively in marine plants where the 
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absorbing tissue is bathed in a liquid medium and where absorption takes 
place over the entire thallus. Consequently salt uptake by disks is analogous 
to that by seaweeds in the sense that neither are equipped with specially 
developed absorbing cells or organs and that in both cases absorption occurs 
through unspecialized surface cells. Accumulation ratios in the region of 
20,000 are commonly reported for iodine uptake by Laminaria species and 
this seems to be a general level for minor element accumulation by marine 
tissue, although a value as high as 200,000 has been recorded for vanadium 
uptake by ascidians (Goldschmidt 1954). Iodine and vanadium however are 
organically bound in the tissue only existing as ions to a minimal extent, 
so that a strictly valid comparison between their accumulation ratios and 
those for Na and K in disks is not possible. Moreover the values reported in 
this investigation are unique in that they relate to macro-elements. 

The dependence on temperature and especially on aeration of both ion 
absorption and the maintenance of the inflated ion level indicates energy- 
requiring processes and no doubt both are effected by the energy liberated 
during the intensified metabolism characteristic of sliced storage tissue. It 
is in this metabolism that the clue to the differing behaviour of disks and 
plants is to be found. Although disks appear to be more efficient absorbing 
units than roots when efficiency is gauged in terms of accumulation against 
a concentration gradient they eventually attain a saturation level which 
probably represents the point of equilibrium between the disk and the 
medium. The plant, since it is constantly growing, will never attain this 
equilibrium with its environment (Brooks 1937). That the dynamic equi- 
librium of the plant should differ so widely from the equilibrium attained 
by the disk may result from the synthesis in the disk of a new, or more 
likely the fuller development of the existing, absorption apparatus brought 
about by the removal of a restraint inherent in the fully integrated plant 
preventing luxury consumption: in other words in the plant energy is con- 
served and when liberated canalized into useful and carefully regulated 
channels, whereas in the disk the ordered metabolism of the plant is 
deranged and the energy unavoidably released finds an outlet in the per- 
‘ormance of work unrelated to the needs of the plant as a whole. 


Summary 


Changes have been followed in the content ofaK,#Na};M8,:Ca,EN, PSS, 
and Cl in disks of storage tissue of red beet, sugar beet, carrot, swede and 
potato washing continuously in aerated tap water. It has been found, con- 
trary to earlier views that ions would be leached from the tissue, that except 
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in potato there is a large increase in the cation content of the tissue due to 
absorption of ions from the tap water. Anions are not absorbed in equivalent 
amounts and it has been shown that in the beet tissue the cation-anion 
balance is maintained by an increase in organic anions, principally oxalate. 
Cation absorption is selective to a marked degree, each tissue consistently 
exhibiting a characteristic absorption pattern, notably a Na affinity by beet 
tissue and a K affinity by swede. Particularly remarkably is the ability of 
the tissues to concentrate ions. The low concentration at which ions are 
present in the tap water together with the high absorbing capacity of the 
tissue give accumulation ratios (such as 2300 for Na in red beet and 14,000 
for K in swede) considerably higher than any previously recorded for major 
element uptake. 


The authors are indebted to Dr. R. L. Mitchell for arranging for spectrochemical 
analyses of K, Na, Ca, and Mg and to the British Sugar Corporation, Cupar, Fife 
for a supply of sugar beet. 
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During the last decades partial soil disinfection has been used increasingly 
for root parasite control (cf. Newhall, 32). The method has been of prime 
importance when growing valuable crops, e.g., in greenhouses or fruit 
orchards. A decline of fertility that cannot be counteracted by fertilization 
is often noticed in intensively cultivated soils. This phenomenon has some- 
times been called “soil sickness”. Soil fumigation often has a growth stimu- 
lating effect in such cases. Due to diverging experimental conditions the 


results of various investigations have been subject to controversial inter- 
pretations. 


Many workers have maintained that the stimulating effect of soil fumigation 
depends mainly on the pest control. Russel and Hutchinson (38, 39) regarded pro- 
tozoa to be parasites on organisms that are beneficial to higher plants, e.g., ammoni- 
fying bacteria, and they considered the stimulation by partial soil sterilization a 
consequence of killing the protozoa. Martin et al. (25, 26) stimulated the growth of 
citrus plants by fumigating old citrus soils. Since slow growth was associated with 
root damages, the response was explained by assuming that harmful organisms 
had been killed. Bolley (5) thought parasitic fungi to be of importance in infertile 
soils. Anderson et al. (2) supposed that fungi or nematodes inhibit the growth of 
conifer seedlings on undisinfected soils, but they found no parasitic organisms. 
Still, many workers have noticed coincidence between growth reduction and root 
damages (cf. Garrett 15). 

Changes in the chemical composition of the soil after fumigation have often been 
regarded as the result most important for the growth response. Schreiner and 
Lathrop (40) suggested that certain organic compounds, inhibitive or stimulative, 
were formed in heated soils. The relation between the substances was considered 
decisive for the soil fertility. Many workers have noticed that the solubility of 
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manganese in the soil is increased by fumigation (1, 9, 10, 13, 14, 23, 28, 41). 
Conner (9) thought that steam caused a reduction of the manganese to soluble 
compounds. Aldrich and Martin (1) found the process to be instantaneous and 
assumed this to indicate that the fumigant reacts with the soil. Fujimoto and Sher- 
man (13) suggested that the solubility of manganese depends on the degree of 
hydration and that sterilization of the soil by steam affects this factor. They stated 
(14) that the increase of soluble manganese explained why soil disinfection some- 
times has a positive effect (on soils poor in manganese) and sometimes a negative 
effect (on soils rich in manganese). Thus the manganese uptake could reach toxic 
levels in some soils, which has also been noted by Davies (10) and McCool (28). 
In other soils the content of soluble manganese increases from low to suitable 
levels (Conner 9). Some workers have noticed changes also in the solubility of 
other ions (e.g., 1, 46). Aldrich and Martin (1) found that the solubility of K, Ca, 
and Mg increased after soil fumigation, but not that of negative ions analyzed. 
Voigt (46) assumed that the nutrient uptake in pine was increased by various 
biocides, but no percent values of the element content of the seedlings were presented. 

The nitrogen status has been studied by many workers in conjunction with partial 
soil sterilization, and qualitative as well as quantitative changes in the available 
nitrogen have been noticed. Some workers (44, 49) have found that the amount 
of available nitrogen increases especially in the form of ammonium ions. Others 
(1, 42) noticed that only the relationship between nitrate and ammonium ions 
changes. Changes in the nitrogen status are found to be instantaneous (1, 49). The 
nitrification of ammonium is inhibited during the period following immediately 
after the fumigation, but Aldrich and Martin (1) have reported a relatively rapid 
recovery of the nitrification bacteria. No ammonium ions were found in the soil 
after 250 days. 

Scil fumigation implies a strong interference in the microbiological status of the 
soil, and in discussing possible mechanisms of the growth effects it therefore seems 
justified to consider also the potential effects via the micro-flora. Antibiotic effects 
in soils have been demonstrated by, e.g., Wright (49). Jefferys (21) maintains that 
also unstable antibiotic substances may show biological effects in soils under certain 
circumstances. Brian (6, 7, 8) has suggested that antibiotics produced in soils have 
ecological importance for the composition of the micro-flora. Thus, it has been 
shown that spore germination and growth of fungi are inhibited in contact with 
soil (11, 22, 29). It has also been demonstrated (e.g., 4, 16, 30) that the devel- 
opment of a parasite may be checked, if a saprophytic organism is favoured. Martin 
et al. (25) found that Tricoderma viride often dominates in the soil after fumiga- 
tion. In many cases fungi inoculated after soil fumigation (27) showed strong 
stability. Whereas some of these fungi inhibited growth of citrus, others counter- 
acted the inhibition. No stimulating effect of fungi alone was noticed. 

Many workers have shown that micro-erganisms are able to produce substances 
that are toxic to higher plants (e.g., 24, 30, 43). The effects of antibiotic substances 
on higher plants have often been studied and in most cases inhibitive effects have 
been recorded (3, 17, 36, 37, 48). However, in some cases stimulative effects were 
noticed (e.g., 33, 34, 35). Rosen (37) and Gray (17) found that the inhibition could 
be partially counteracted by Mn?* and to a less extent by Ca?*. The chlorophyll 
formation is affected by streptomycin (e.g., 12, 17, 36, 37, 48). 
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In weed control experiments in a Swedish forest nursery soil fumigation 
has been shown to produce growth stimulation (31). In nurseries a very intense 
cultivation is common practice, and experience shows that the growth of 
seedlings often decreases with increasing age of the nursery in spite of fer- 
tilization and manuring measures. This is a phenomenon parallel to “soil 
sickness” in old greenhouse or orchard soils. It is possible that the causes 
effectuating growth stimulation after soil fumigation vary from one nursery 
to the other. This investigation is an attempt to gather information about 
the causes in two nurseries in central Sweden. The experiments comprise 
fumigation and nitrogen fertilization. Spruce (Picea Abies, Karst.) has been 
used as the test plant. 


Nurseries, Materials, and Methods 


The experiments discussed in this paper have been carried out in two nurseries, 
Sjögränd at Uddeholm in the province of Värmland, and Nässja at Österfärnebo 
in the province of Gästrikland. Both nurseries are established on old agricultural 
land. At Sjögränd the experimental plots were laid out in a field prepared in 1947 
and at Nässja on the first forest tree generation land. 

The nurseries are very similar in soil characteristics. In both cases the soils are 
fluvial sediments, and judging from the needle analyses the mineral conditions are 
closely equal. The pH of the soils is about 6 in both cases and was very little or 
not at all affected by the treatments. 

At Sjögränd the soil fumigation was carried out with methyl bromide (Dowfume 
MC-2) on June 16, 1956. About 40 g. fume per m?. was supplied under a poly- 
ethylene sheet that was buried along the borders. The sheet was left for about 
24 hours. At Nässja formalin was used as fumigant. The treatment was carried out 
on May 15, 1956 using 5 litres of 4-per cent formalin per m?. 

The sowing was done at Sjögränd on June 20, 1956 and at Nässja on May 26, 
1956. In both cases the spruce seed used was collected in central Sweden. The 
growth of the seedlings was studied for two years and current needles were analyzed 
both in 1956 and in 1957. 

The fertilization with superphosphate and potassium sulphate was carried out 
before sowing at equal rates on all plots according to the practice of the respective 
nursery. As nitrogen fertilizer either ammonium sulphate or sodium nitrate (com- 
mercial fertilizers) has been used. Three different nitrogen rates (30, 60, or 90 kg. N 
per hectare and year) have been supplied by adding 30 kg. N at one, two, or three 
occasions during each of the growing seasons. Some plots not fertilized with nitrogen 
are referred to as control plots. 

The treatments have been made in duplicate but the control plots were three in 
number at Sjögränd and six at Nässja both in the sterilized and unsterilized. areas. 

The methods of needle analysis are described earlier (18, 19). 
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Table 1. Growth data from the Sjôgränd nursery. The rates of nitrogen application have 
been disregarded. 
EEE mm mm nn 
Length Fresh 


nine : Dry weight of Root/ | M8-/ 

an ber | OUR | NEM or) A shoots, | Root | Ron | mn 
reatments of , >> mg./seedling length D of 
mm. |g./seedling men TY | dry 

plots “ | weight t 

1956|1957| 1956 | 1957| 1956 1957 er 


Jnfumigated; No nitrogen suppıy 3 17 | 47 |0.046| 4.6 113.9 + 1.21119 + 27| 81 0.29 | 0.52 
Ammonium sulphate 6 19 | 63 | 0.054) 7.3 116.9 + 0.8)165 + 19| 78 0.28 | 0.70 
Sodium nitrate 18 | 52 | 0.048) 7.0 115.3 + 0.81143 + 19| 81 0.31 | 0.64 


6 

‘umigated No nitrogen supply 3 24 | 84 | 0.087) 11.5 |24.4 + 1.2/300 + 27| 90 0.23 | 0.89 

Ammonium sulphate| 6 25 | 93 | 0.094| 16.0 127.7 + 0.8359 + 19| 86 0.25 | 1.22 

Sodium nitrate 6 23 | 84 | 0.077] 11.3 |22.5 + 0.8280 + 19| 86 0.23 | 0.87 | 
5 
5 


18 | 56 | 0.050) 6.8 115.83 + 0.5150 + 12| 80 0.29 | 0.65 | 
24 | 88 | 0.086; 13.3 25.0 + 0.51317 + 12 


Jnfumigated|\ Independent of 1 
‘umigated | nitrogen fertilization| 1 


Results 


Growth 


A statistical analysis of the weight of dry seedlings shows no significant 
differences between the various plots. Therefore, the rates of nitrogen 
application are disregarded in Tables 1 and 2 and the standard errors are 
computed by means of the pooled variance within replications. Independent 
of fertilization a comparison between growth on fumigated and unfumigated 
soil is also made. The tables show that the growth was significantly (***) 
superior on fumigated soil in 1956 and 1957 in both nurseries. On fumigated 
soil at Sjogrand ammonium sulphate has produced growth significantly (***) 
superior to that obtained with sodium ‘nitrate both in 1956 and 1957 and 


Table 2. Growth data from the Nässja nursery. The rates of nitrogen application have 
been disregarded. 


ight of current 
Number | Length of top | Dry weig : 
Treatments of shoots, mm. shoots, mg./seedling 
plots 1957 1956 | 1957 

Unfumigated| No nitrogen supply 6 25.9 14.8 + 1.4 58.7 + 5.5 
Ammonium sulphate 6 31.3 141 +14 | 56.9 + 5.5 

Sodium ‘nitrate 6 26.3 13.3 + 1.4 56.3 + 5.5 

Fumigated No nitrogen supply 6 30.2 18.3 + 1.4 64.7 + 5.5 
Ammonium sulphate 6 40.5 17.4 + 1.4 85.6 + 5.5 

Sodium nitrate 6 34.6 e 16.8 + 1.4 68.7 + 5.5 

Unfumigated| Independent of 18 | 28.9 13.9 + 0.8 56.9 + 3.2 
Fumigated nitrogen fertilization 18 35.9 17.2 + 0.8 75.4 + 3.2 
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Figure 1. Relations between nitrogen supply, 
dry weight of current shoots in 1956 and 
1957 (mg per seedling) and soil fumigation. 
The diagrams A and B represent Sjôgränd, 
C and D Nässja. Rings represent unfumigated, 
dots fumigated soil. Full-drawn lines repre- 
sent ammonium sulphate, broken lines so- 
dium nitrate. 
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superior (*) to that recorded in 1956 when no nitrogen fertilizer was applied. 
If ammonium sulphate had been added growth on fumigated soil at Nässja 
was superior to that obtained with sodium nitrate (*) or without nitrogen fer- 
tilizer (**). 

In Figure 1 the growth results achieved after nitrogen supply and soil 
fumigation are presented graphically. Evidently growth increased with 
increasing ammonium supply on fumigated soil in both nurseries, especially 
in 1957. In 1956 there was a tendency to growth decrease at the highest 
supply. However, the most distinct result is that growth on fumigated soil 
was on quite another level than that achieved on unfumigated soil. This 


occurred in both nurseries in 1956 as well as in 1957 independent of nitrogen 
source and rate of application. 


Nutrient Uptake 


The analytical results are given in Tables 3 and 4. Current needles only 


have been analyzed and the content is always expressed in per cent of dry 
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Table 3. Mineral content of current needles expressed in per cent of the dry weight. The 
samples were taken on fumigated and unfumigated plots that were not fertilized with 
nitrogen (control plots). 
rn nl Ei ee CO Ne 


Nässja nursery Sjögränd nursery 
Element Unfumigated Fumigated Unfumigated Fumigated 
1956 | 1957 1956 1957 1956 1957 1956 1957 
| eae ee es 0.48 0.37 0.50 0.38 0.40 0.39 0.31 0.45 
Kore 0.94 1.07 0.88 Weill 1.31 0.83 1.04 0.97 
Gay. 1.02 0.82 1.01 0.86 0.54 0.96 0.58 0.81 
Mg ir ee 0.12 0.13 0.12 0.15 0.09 0.04 0.10 0.04 


weight. The content of phosphorus, potassium, calcium, and magnesium 
was determined in needles from control plots only. Table 4 shows nitrogen 
and manganese values as averages independent of nitrogen rates of applica- 
tion. A comparison between the content in needles from fumigated and 
unfumigated plots independent of fertilization is also made. 

Table 3 shows the content of phosphorus, potassium, calcium, and magne- 
sium to be not significantly affected by soil fumigation. It also appears that 
the mineral status of the nurseries is about the same except for calcium and 
magnesium. The data indicate that the phosphorus and potassium status is 
advantageous for spruce. However, the magnesium status at Sjögränd is 
somewhat deficient (cf. 20). 

Soil fumigation tends to increase the nitrogen content during the first 
year, but the second year no such effect is noticeable (Table 4). Ammonium 
sulphate supply produced higher nitrogen content than sodium nitrate 
application on fumigated as well as unfumigated soil in 1956. In both nur- 
series the nitrogen content of the needles increased in 1957. This was probably 
caused by a relative increase of soluble nitrogen in the soil due to climatic 


Table 4. Nitrogen and manganese content of current needles expressed in per cent of the 
dry weight. The rates of nitrogen application have been disregarded. 


i a IE EE ————E———————————E——————————— ee 
Nassja nursery Sjögränd nursery 


Treatment N Mn N Mn 
1956 1957 1957 | 1956 | 1957 | 1956 | 1957 


Unfumigated| No nitrogen supply 2.00 2.48 | 0.022 | 1.62 2.48 | 0.024 | 0.021 
Ammonium sulphate} 2.14 2.52 | 0.038 | 1.82 2.12 | 0.031 | 0.063 
Sodium nitrate 1.97 2.78 | 0.017 | 1.70 2.22 | 0.021 | 0.019 | 


Fumigated No nitrogen supply 2.36 2.46 | 0.032 | 2.18 1.93 | 0.024 | 0.041 
Ammonium sulphate| 2.57 2.55 | 0.100 | 2.36 2.31 | 0.034 | 0.089 
Sodium nitrate 2.11 2.66. | 0.0387 2.21 1.93 | 0.029 | 0.025 


2.05 | 2.63 | 0.027 | 1.74 2.22 | 0.025 | 0.037 
2.35 2.59 | 0.064 | 2.27 } 2.10 | 0.030 | 0.054 
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influences. The summer of 1957 was warm and rather wet, and in various 
experimental areas in central Sweden similar increases in nitrogen uptake 
were noted (Tamm, personal communication). 

Due to higher growth rate the total nitrogen uptake per seedling is much 
higher in seedlings on disinfected soil than in seedlings on undisinfected soil. 
This seems to depend primarily on the fact that the root systems of seedlings 
from fumigated plots are rich in branches and denser than roots from undis- 
infected soil. However, it is possible that the fumigation has caused an 
increase of available nitrogen in the soil or changed the nitrogen source into 
a more suitable one. ; 

The manganese content of the needles is affected by fumigation as well 
as ammonium fertilization (Table 4). These treatments separately and 
especially jointly have produced an increase of manganese uptake. It is of 
interest to notice that the manganese content is more affected in the second 
year. Aldrich and Martin (1) found that the manganese solubility instantane- 
ously increased on fumigation subsequently followed by a continuous 
decrease for 250 days. It is possible that the fumigation effect on the man- 
ganese availability depends on the increase of ammonium concentration in 
the soil and that this mainly occurs at a soil horizon that is not reached by 
the roots during the first year. 

On certain plots (fumigated and with highest ammonium supply) the 
manganese content of current needles in 1957 was very high (0.16 per cent 
at Nässja and 0.14 per cent at Sjögränd). Nevertheless, the dry matter pro- 
duction was highest on these plots. 


Morphological Effects 


Soil fumigation and nitrogen fertilization have caused certain changes in 
the habitus of the seedlings. The most striking effect was a chlorosis in the 
young needles of seedlings growing on fumigated soil at Sjögränd during 
1956. The chlorosis decreased with increasing nitrogen supply, but judging 
from the analytical data the chlorosis was not caused by nitrogen deficiency 
(Table 4). At Nässja this symptom was weak or absent. 

Soil fumigation had a strong influence on the type of root system. No root 
damages were noticed and the differences were mainly caused by a changed 
mode of growth. Certain data presented in Table 1 show these relationships. 
The root/shoot ratio of seedlings from fumigated soil is somewhat lower than 
that of the others. The weight of the root system is clearly more affected 
than its length, especially on plots fertilized with ammonium sulphate. The 
roots are somewhat longer but the weight increases relatively more. This 
indicates that the root system of seedlings from disinfected and ammonium 
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fertilized plots is branched to a greater extent than the others. This effect 
may essentially contribute to higher quality of the seedlings with respect 
to their ability to survive and develop after planting on forest sites. 


Discussion 


Difference between the Disinfectants 


The growth responses have been much greater at Sjögränd than at Nässja. 
In 1957 growth on fumigated plots at Nässja had not reached the growth 
observed on unfumigated plots at Sjögränd. It is hardly probable that this 
difference depends mainly on the difference in fumigants, because formalin 
has earlier proved effective though less so than methyl bromide (31). Neither 
is the inferior seedling growth at Nässja apt to depend on differences in the 
nutrient status. Certainly the calcium content of the needles is higher at 
Nässja but still within the limits where growth differences like those recorded 
are unlikely (cf. 19, 20). However, the micro-nutrient status is not ascertained 
and there may be important differences in this factor. Nevertheless, it is 
hardly probable that the trace elements cause a growth effect of this magni- 
tude without symptoms visible in the seedlings. There are no climatic dif- 
ferences between the two nurseries that are of decisive importance. Nässja 
is slightly more favourable a place because of a somewhat longer growing 
season. It seems probable that the inferior response to soil fumigation at 
Nässja is caused by a treatment that was partly unsuccessful because it was 
applied too early in the season. This explanation is also supported by the 
observation that the effect of formalin on weeds was weaker than usually. 
Thus it is possible that fumigation at Nässja may raise the growth of spruce 
to the same level as that achieved at Sjögränd, even if “soil sickness” in the 
sense of this term is not present because the area has not grown spruce 
within a long time prior to the experiment. Definite conclusions about this, 
however, need further experimentation.. 


The Nutrient Status 


Soil fumigation’ has affected the nutrient content of the needles only to a 
limited extent. There is a tendency to an increase of nitrogen content during 
the first year. In the second year a marked increase in the manganese content 
has been observed. Similar effects have been noticed earlier (e.g., 1, 14, 44, 
49). Here the highest growth corresponds to the highest manganese content 
of the needles. It seems, however, out of the question that manganese is of 
importance as a nutrient in this case, because manganese deficiency occurs 
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at quite another manganese level (less than 0.002 per cent) in spruce needles 
than that prevalent here (cf. 19). It is more probable that the manganese 
content that corresponds to high growth rate was near toxic levels in 1957. 

As mentioned before, different explanations have been presented regarding 
changes in manganese solubility after soil fumigation. Here ammonium fer- 
tilization alone has caused higher manganese content than fumigation. This 
indieates that the formation of ammonium by soil disinfection (reported by, 
e.g., Wright 49) may be of decisive importance for the manganese solubility. 

The high nitrogen content of needles during the first year in seedlings 
from disinfected soil may partly explain the high dry matter production on 
these plots during both years. It is a well-known phenomenon that growth 
is largely dependent on the nutrient status in the preceding year when the 
buds are formed. At Sjögränd the difference in growth between seedlings 
from fumigated plots and unfumigated plots is especially great, and here 
too the difference in nitrogen content of the needles is greatest. According 
to water culture experiments the optimum nitrogen content of spruce needles 
is about 2 per cent (20). Tamm (45) has suggested an optimum nitrogen 
content of somewhat more than 2 per cent in needles from old spruce trees. 
No definite analytical data are available for young seedlings in nurseries. 
It seems probable that the nitrogen content of seedlings from Sjôgränd was 
lower than the optimum in 1956 on unfumigated plots. For many reasons, 
however, the discrepancy in nitrogen content probably can not explain the 
whole difference in growth. Thus, the supply of nitrogen has not been able 
to equal fumigation despite that the highest rates of nitrogen application 
apparently tend to exceed the optimum level. Moreover, the nitrogen content 
seems nowhere to be within the limits where an increase may lead to a 
growth response equalling that observed at Sjögränd. 

To elucidate further the relationship between nitrogen content and growth, 
the growth is plotted against nitrogen content in Figure 2. In the graph only 
ammonium sulphate fertilizatiof and control plots from Sjögränd are 
represented, because the growth differences are greatest in this case. The 
graph shows that the growth recorded in 1957 does not appear to be cor- 
related to the nitrogen content of 1957. This was not to be expected either, 
since the content almost exclusively varies between 2 and 2.5 per cent, i.e., 
presumably near the optimum. However, there seems to be a correlation 
between the 1956 content and the growth of 1956 and 1957. The alinement 
of points at increasing rate of nitrogen supply indicates that the relationship 
between nitrogen and growth on fumigated soil is different from that 
observed on not fumigated soil. Furthermore, at increasing rate of nitrogen 
supply on fumigated plots the increase of growth seems to occur within the 
supra-optimum range. This indicates that ammonium sulphate might not 
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Figure 2. Relations between nitrogen contents of current needles (per cent of dry weight) 

in 1956 and 1957 and dry weight of current shoots (mg per seedling) of the same years. 

Only control and ammonium sulphate fertilized plots are represented. Rings represent 

unfumigated, dots fumigated soil. 0—3 represent the different supplies of nitrogen (0, 30, 
60, and 90 kg N per hectare) as ammonium sulphate. 


have been effective as a nutrient for the seedlings on these plots but as an 
agent that has enhanced the fumigation effect. 

Thus it is shown that the nutrient status of the seedlings is probably not 
affected by the soil fumigation to such an extent that it may explain the 
whole growth responses, and therefore it seems to be clear that the fumiga- 
tion has affected also other kinds of growth factors. Root damages have not 
been recorded to such an extent that the stimulation effect may be explained 
on this basis. 


The Soil Sterilization 


Brian (6) has mentioned the possibility that antibiotics produced by micro- 
organisms in the soil may be of importance in “soil sickness“. Evidences for 
an ecological significance of antibiotics produced in soil have been reviewed 
in the introduction. Through production of antibiotics it is possible that 
micro-organisms may affect the growth of higher plants either directly (cf. 
17, 30, 33, 34, 37, 48) or via other organisms in the soil (4, 16, 30). The 
substances produced may be more or less toxic or stimulative to the micro- 
flora or higher plants and through mutual influences an equilibrium may be 
reached that proceeds towards the dominance of a certain micro-flora. The 
roots of higher plants may affect this equilibrium in a direction that is 
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specific to the species. If a crop is repeatedly grown for many years in the 
same place, it is possible that a certain micro-flora phytotoxic to the crop 
plants may stabilize and that this flora naturally also may comprise more 
or less specialized parasites. It is possible that a dynamic equilibrium is 
maintained by crop rotation, but this does not necessarily exclude the 
existence of “soil sickness” for certain species that may or may not take 
part in the rotation. 

A partial soil disinfection disrupts such an equilibrium completely. After 
the fumigation a new micro-flora that is not specialized may become 
established and exhibit less inhibitive effects on higher plants. Soil fumiga- 
tion causes other effects, too, that may affect higher plants as well as micro- 
organisms. For the higher plants this may involve either a stimulative fer- 
tilization effect or supra-optimum or even toxic nutrient levels, and for the 
micro-organisms it may mean a selectivity on the recolonization. Thus, 
ammonium sulphate has been applied on various occasions, and it is possible 
that a long-lasting selective effect on the micro-flora has been maintained 
on fumigated plots with high ammonium supplies. The selective effect may 
depend on the ammonium sulphate itself or on the increase of manganese 
solubility in the soil. This may be a possible explanation why the stimulative 
effect on growth is especially strong on both ammonium fertilized and 
fumigated plots. 

Judging by the data, the chlorosis that appeared on fumigated plots was 
not caused by abnormal uptake of nutrients. However, the analysis is not 
complete, and it is therefore not possible to exclude that chlorotic seedlings 
may have an extremely high or low content of certain elements. Martin et al. 
(27) noticed a chlorosis in citrus seedlings when fumigated soil was inoculated 
with a certain fungus (Thielaviopsis basicola) and no correlation was found 
between the chlorosis and the nutrient factor. Other workers have reported 
that streptomycin causes chlorosis in higher plants (e.g., 12, 17, 48). It is 
possible in the experiments related here that the chlorosis is induced by the 
change of micro-flora on fumigated plots and that metabolic products from 
the micro-organisms cause the chlorosis. 


Summary 


Experiments with partial disinfection of forest nursery soils in combina- 
tion with various rates of nitrogen application as ammonium sulphate or 
sodium nitrate have been carried out. Spruce was sown on the plots and 
growth measurements and needle analyses have been made at the end of the 
growing season in two years. The results may be summarized as follows: 
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Soil fumigation has caused a significant growth stimulation. At the Sjö- 
gränd nursery the growth response is very strong. 

Soil fumigation in combination with ammonium sulphate fertilization 
has produced especially strong growth response. 

The results of the needle analyses indicate that the whole growth stimula- 
tion cannot be explained on the basis of changed nutrient status of the 
seedlings after soil fumigation. 

Parasitic damages of the roots have not been recorded on undisinfected 
soil to an extent as to render an explanation for the comparably low 
growth on these plots possible. 

The possibility of a direct or indirect effect of the soil micro-flora on 
the growth of the seedlings by means of metabolic products and selective 
effects of nutrient factors on the micro-organisms invading after soil 
fumigation are discussed. 
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Introduction 


The importance of glutamic acid as a starting point for protein synthesis 
has long been recorded through the use of nitrogen isotopes. (Foster and 
co-workers 1939, Vickery et alii 1940, Hevesy et alii 1940). Furthermore, 
Roine (1947) and Virtanen et alii (1949) using yeast and Rautanen (1948) 
using green plants showed that during early stages of assimilation of nitrate 
or ammonia the dicarboxylic amino acids always accumulated in quantity. 

In a previous paper, Said and Younis (1952), showed that when low con- 
centrations of aspartic acid were applied the amino acid was partially 
oxidatively deaminated both at the cytoplasmic surfaces of and inside the 
radish root slices experimented with, while some more of the amino acid 
was absorbed and assimilated directly into peptides and proteins. Relatively 
higher concentrations of aspartic acid inhibited deamination and favoured 
rapid absorption and assimilation of the amino acid. 

The experiments here described were thus planned with the aim of finding 
out how far respiration and nitrogen metabolism of radish root slices fed 


with glutamic acid would coincide with those reached earlier in case of 
aspartic acid. 


Materials and Methods 


One mm.-thick slices of Raphanus sativus aegyptiacus roots were used in the 
present investigation. Twelve samples of twenty grams each were prepared according 
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to the procedure described by Said and Younis (1952). The samples were washed 
in aerated running tap water for two days. The samples were, then, washed several 
times with sterile distilled water and two of them were extracted and immediately 
analysed for their initial content of the various nitrogen fractions. The remaining 
samples were transferred to air-tight chambers supplied with 400 mls each of sterile 
distilled water or the sterile culture solution according to the following scheme: 


No. of 

samples Feeding medium 
2 distilled water 
2 TALENT oe a Sole. nis eg + oo oq cn terse ox 2.86 mM solution 
2 > or Mo 010 EEE SE a n 
2 56 D rn a CE reer 8.58 „, » 
2 > a re 11.44 ,, 3 


The initial pH-value of the glutamic acid-containing media was ranging between 
pH 3.5 and pH 4.0. By the end of the experiment the pH value of the media was 
shifted towards the point of neutrality especially in the case of the 2.86 mM and 
5.72 mM solutions of glutamic acid. 

Immediately after introducing the samples in their respective media, the latters 
were sampled and a strong current of CO,-free air was then bubbled through the 
experimental solution at a constant rate of four litres per chamber per hour. 
The plant chambers were kept at 25°C for a period of 48 hours during which the 
CO,-output by the tissue slices as well as the nitrogen content of the various media 
were estimated at 24 hour-intervals. At the end of the experimental period, the 
samples were extracted and immediately analysed for their contents of the various 
nitrogen fractions. 

The methods used for the estimation of CO,-output by the tissue samples and for 
the nitrogen analysis of the culture media as well as the variously treated tissue 
samples were those referred to by Said and El-Shishiny (1944, 1947). The amino-N 
was also determined according to the method given by Pope and Stevens (1939). 
The various nitrogen fractions determined in both the media and the tissue extracts 
were ammonia-, nitrate-, amide, amino- and total soluble-nitrogen. The difference 
between the latter and the sum of the first four fractions gives the so called “peptide- 
nitrogen”. The insoluble-nitrogen (protein-N) was determined in the dried residue. 

The results obtained from the analysis of the duplicate samples were remarkably 
close and so only the mean values will be presented in the tables. 


Experimental Results 


Amino-nitrogen utilisation. Table 1 shows that the total amount of 
amino-N utilised by the slices was almost doubled, when the initial con- 
centration of the amino-N in the medium increased from 2.86 mM to 
5.72 mM. Increasing the concentration of glutamic acid to 8.58 or 11.44 mM; 
induced a slight increase and a slight decrease respectively in the amount of 
amino-N utilised when compared with that from the medium containing 
5.72 mM glutamic acid. 
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Table 1. Amino-N utilised by radish root slices suspended in culture solution containing 
various concentrations of L-glutamic acid. (Expressed as mg. amino-N per 100 g. original 
fresh weight.) 


T—————————————————————————————————— 


Millimolar concentration of Amounts of amino-N utilised during 
L-glutamic acid in the 
culture medium lst 24 hours | 2nd 24 hours | 48 hours 
2.86 53.2 | 8.9 | 62.1 
5.72 63,7 | 56.6 | 120.3 
8.58 149 | 55.3 133.2 
11.44 41.4 | 64.8 | 106.2 | 


Ammonia-nitrogen content of the media. Table 2 shows that the total 
amount of nitrogen recovered as ammonia-N in the media was more than 
doubled when the initial concentration of amino acid in the media increased 
from 2.86 mM to 5.72 mM, whereas when the initial concentration was 
increased to 8.58 mM the amount of ammonia-N increased but little. Further 
increase in the initial glutamic acid concentration induced decrease in am- 
monia production. These results indicate that ammonia production in the 
glutamic acid media was closely correlated with the amino-N utilisation. 


The rate of ammonia-N production in all the media, except those initially 
containing 2.86 mM glutamic acid, was faster in the second than in the 
first 24 hours of the experiment. 


Peptide-nitrogen content of the media. The results of the analyses of the 
various glutamic acid media showed the presence of some peptide-N, more 
being formed during the second 24 hours of the experiment. The rate of 
peptide production was highly stimulated as the initial concentration of 
amino acid increased from 2.86 mM to 8.58 mM (Table 3). 


Analysis of the tissues. The analysis of the various tissue samples for their 
contents of the different nitrogen fractions (Table 4) showed that feeding 
with glutamic acid induced the following metabolic changes. 


Table 2. Amounts of ammonia-N recovered in the culture media of radish root slices as 
affected by the inclusion in the medium of various concentrations of L-glutamic acid. 
(Expressed as mg. N per 100 g. original fresh weight.) 


TN VE EEE 


Millimolar concentration of Amounts of ammonia-N recovered in 
L-glutamic acid in the ee 
culture medium lst 24 hours | 2nd 24 hours 48 hours 

EE aT TT I u een me 
2.86 14.7 | 10.2 | 24.9 
5.72 19.3 | 36.3 | 35.6 

8.58 23.9 | 35.9 | 59.8 

11.44 15.0 | 23.0 | 38.0 
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Table 3. Peptide-N recovered in the culture media of radish root slices. (Expressed as 
mg. N per 100 g. original fresh weight.) 
Em + 


Millimolar concentration of Amounts of “peptide-N” recovered in 
L-glutamic acid in the 
culture medium 1st 24 hours 2nd 24 hours | 48 hours 
2.86 | 0.0 4.2 4.2 
5.72 | 16.9 33.5 50.4 | 
8.58 | 21.2 49.0 70.2 | 
11.44 | 18.3 53.1 71.4 


a) Protein synthesis: the maximum stimulation being in presence of 2.86 
mM glutamic acid. As the initial concentration of the amino acid increased 
the rate of protein formation was retarded. It seems, therefore, that 
protein synthesis is not favoured in highly acidic media. 

In all the glutamic acid-fed samples the radish slices utilised a good 
deal of the amino-N content of their media in building up peptides. A very 
small part of the latters was built up into protein, while the rest was 
either retained in the slices or excreted into the culture media. The part 
of the peptide-N retained in the slices was relatively large in case of 
2.86 mM glutamic acid and hence the considerable increase in the total- 
soluble-N fraction of these slices. When higher concentrations of glutamic 
acid (8.58 mM and 11.44 mM) were used greater amounts of peptide-N 
were detected in the media, hence the drop in the initial total soluble-N 
content of the tissue slices. 


Table 4. Analysis of the initial as well as the differently treated radish root slices for their 
contents of the different nitrogen fractions. (Calculated as mg. N per 100 g, original 
fresh weight.) 


Culture-medium | Ammonia-N| Amide-N | Nitrate-N | Peptide-N N Protein-N| Total-N 
| | | 
"Initials 2.4 | 3a 1280 20.6 382 9 528 91.0 
Distilled water 22 2:8 1 11.3 20.9 37.207539 91.1 
2.86 mM | 
| Glutamic acid 9.0 3.4 BAD | 43.5 60.9 62.2 1239 
solution 
5.72 mM 
_ Glutamic acid 8.2 3.6 153 33.5 46.6 57.9 104.5 
‘ solution 
8.58 mM x 
Glutamic acid 7.4 4.0 1.0 23.4 35.8 57.9 93.7 
solution 
11.44 mM | 
Glutamic acid 2.8 nn 2.4 0.0 26.6 31.8 55.3 87.1 
solution 
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Figure 1. Effect of varying the concentration of 
L-glutamic acid in the culture medium on the rate of 
carbon dioxide gutput by radish root slices. (Ex- 
pressed as g. CO: output/100 g. original fresh weight 
of slices). 


24 
TIME IN HOURS 


b) Production and accumulation of ammonia-N: the lowest concentration 


of glutamic acid caused an accumulation inside the slices of about 6.6 mg. 
ammonia-N. This amount showed a very slight change when the con- 
centration of the amino acid in the culture media was doubled or tripled, 
but when he initial concentration was raised to 11.44 mM no accumula- 
tion of ammonia-N was detected inside the tissue slices. 

Rapid utilisation of the nitrate-N initially present: the rate of its utilisa- 
tion increased in the presence of higher initial concentration of glutamic 
acid. The nitrate-N that disappeared from the glutamic acid-fed samples 
was utilised, together with part of the absorbed glutamic acid-N, in pep- 
tide and protein formation. It is interesting to note that the complete 
depletion of the nitrate content of the tissue slices suspended in 11.44 mM 
glutamic acid solution was accompanying the participation of a greater 
amount of the absorbed amino-N in the synthesis of peptides and proteins. 
The peptide formation in the amino acid-fed slices seemed to proceed at 
a faster rate than protein formation, hence the accumulation in the tissue- 
medium systems of great amounts of peptide-N. 


Respiration of the Tissues. Figure 1 shows that feeding the slices with 


glutamic acid stimulated the rate of respiration to a higher level than that 
of the control samples, the stimulatory effect in all concentrations above 
2.86 mM was remarkably great during the second 24 hours of the experi- 
ment. The rate of respiration of the radish slices suspended in the latter 


medium was, however, higher in the first than in the second 24 hours of 
the experiment. 
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Discussion 


a. Nitrogen utilisation 


The results of this investigation showed a marked ability of the radish 
root slices to utilise L-glutamic acid-N. Part of the amino-N utilised was 
oxidatively deaminated possibly at the cytoplasmic surface of the radish root 
slices. The rate of deamination was on the whole slower than the rate of 
amino-N utilisation, hence the absorption by the slices of some glutamic 
acid undeaminated. 

Ammonia production in association with amino acid utilisation was 
reported earlier by several workers using various tissues (Krebs 1935, Janke 
and Tayenthal 1936, and Stephenson and Gale 1937). It may be worth men- 
tioning in this respect that Berger and Avery Jr. (1944), Olsen et alii (1952) 
and Rautanen and Tager (1955) obtained evidence for the occurrence of an 
L-glutamic dehydrogenase system specific for deamination of L-glutamic acid. 

It is interesting to note that increasing the initial concentration of glutamic 
acid in the media over 5.72 mM diminished the rate of ammonia production 
in the tissue-medium system. Thus, whereas about 51 °/o of the amino-N 
taken up by the samples suspended in 2.86 mM or 5.72 mM glutamic acid 
solution was recovered in the tissue-medium system as ammonia-N, only 
about 36 °/o of the utilised amino-N was recovered when glutamic acid con- 
centration in the culture medium was 11.44 mM. This result is in accord 
with those reported earlier by Said and Younis (1952) in case of aspartic acid. 

The increase in the protein-N of the amino acid-fed slices might indicate 
the participation of some glutamic acid, together with the nitrate-N that 
disappeared from these slices, in peptides and protein formaion. The incor- 
poration of L-glutamic acid in protein ‘formation was reported by Webster 
(1954) and El-Shishiny and Nosseir (1957). 


b. Respiration of the tissues 


The observed effects of glutamic acid on the rate of respiration of the 
radish root slices seemed to be correlated with the uptake and the deamina- 
tion of the amino acid. Thus the highest observed respiration rate was by 
the samples showing maximum utilisation and deamination of the amino 
acid of their media (8.58 mM glutamic acid media). On the other hand, the 
depressed rates of respiration observed in cases of slices suspended in the 
solutions containing the highest and lowest concentrations of glutamic acid 
during the first and second 24 hours respectively were accompanying a 
smaller rate of utilisation and deamination of glutamic acid-N than in the 
corresponding other 24 hours of the experiment. These results seem to be in 

Physiol. Plant., 13, 1960 


110 A. E. YOUNIS 


full agreement with those of Webster (1954) who indicated the dependence 
of glutamic acid uptake upon respiratory energy. 

It is interesting to note that the radish slices which showed the highest 
protein-N content (samples suspended in 2.86 mM glutamic acid solution) 
gave off lower amounts of CO, than the other glutamic acid-fed samples. 
On the other hand, the highest CO, output, recorded by the samples suspended 
in 8.58 mM glutamic acid solution, was associated with less protein forma- 
tion. These results may indicate that respiration intensity of the radish root 
slices might not be correlated with protein synthesis. The above results fully 
agree with those of Saïd and Younis (1952) when feeding radish root slices 
with aspartic acid solution. 


Summary 


The utilisation of L-glutamic acid by radish root slices was studied. 

A good deal of the amino-N was absorbed by the radish slices. Part of the 
absorbed amino-N was recovered as ammonia-N, while the rest was 
assimilated. 

The rates of amino-N absorption and deamination increased with increasing 
its concentration in the culture medium. When a high concentration of the 
amino acid was used, the rates of amino-N absorption and deamination 
were inhibited. 

Glutamic acid caused an increase in the carbon dioxide out-put by the 
radish slices. 
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In experiments with the corona hygrometer it has been shown that if the 
water-conducting tissues are disconnected be severing of plant stems in most 
cases a sudden rise in the rate of transpiration from the leaves is registered, 
soon after followed by a considerable decrease (Anderson, Hertz, and Rufelt 
1954, Rufelt 1956, and Allerup 1959). 

Allerup (1959) explained this change in transpiration by the assumption 
that a hydropassive opening of the stomata (Stälfelt 1929) and hence an 
augmentation of the transpiration rate was released by the sudden reduction 
of tension in the water phase of the plants. The increase of the stomata 
apertures, it was further supposed, is maintained only for a short period of 
time determined by the amount of water available in the reservoirs of the 
stem and leaves of the plants. This period at an end, an incipient water 
deficiency will cause a hydroactive stomata closing, and this in turn will 
work as a contributing factor towards a considerable decrease in trans- 
piration. 

In order to investigate the plausibility of this hypothesis it has been con- 
sidered necessary to determine and to follow the aperture variations of the 
stomata in leaves of intact and severed plants by means of a method which 
in itself does not demonstrably affect the degree of opening. 

Among the methods which have been described to date, such as porometer 
investigations, infiltration methods, and microscopic measurements, that of 
direct microscopy of the leaves appears to offer the most favourable condi- 
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tions for a study of the movements of guard cells. The microscopic assays 
may be subdivided into transmitted light methods and incident light methods 
according to the illumination technique. In most cases the normal transmitted 
light methods can only with difficulty be used on intact leaves. The fact that 
the light must pass through several layers of cells on its way through the 
leaf to its upper surface makes for unfavourable conditions of illumination 
at the level of observation, impeding the correct measurements of the aperture 
width. In order to improve the optical conditions Stälfelt (1929 a) success- 
fully adopted liquid paraffin immersion. However, as this method has certain 
drawbacks, e.g., due to the use of immersion oil, only a limited area of leaf 
surface can be included in the examination, and furthermore as the liquid 
paraffin may affect the local conditions of transpiration, the method must 
be considered unsuitable when it is desirable to follow the stomatal varia- 
tions in the same leaf over a longer period of time. Microscopy by means of 
incident light, in contrast, offers a number of advantages. whether normal 
incident light (Paetz 1930, Hartsuijker 1935), or dark ground illumination 
(Pisek 1935) is used. When incident light is utilized the stomata appear — in 
particular with dark ground illumination — quite distinct, and it is unneces- 
sary to use immersion. Thus the most important factor affecting the stomata 
during the measurements is the intensity of the light used, which must neces- 
sarily be fairly high for this type of microscopy. However, if care is taken 
to expose each individual area of leaf surface to the light for brief intervals 
only (maximum 20 sec), it has been considered permissible to suppose the 
aperture of the stomata unchanged by the light conditions during the 
examination (see p. 117). 


Methods 


Plant material. The experiments were made with 7 to 10 days old barley seedlings 
of the Carlsberg variety, grown in nutrient solution according to the following plan. 
Five grammes of seeds were soaked in distilled water for 2 hours and subsequently 
sown on several layers of moist filter paper in large petri dishes. After 24 hours at 
20°C the majority had started to germinate. 60 germinating seeds were picked out 
and placed root-tips down in a perforated plastic slab measuring 10 X10*X0.5 cm, 
the diameter of the perforations being 4.5 mm. The seeds were covered with moist 
filter paper and the slab was placed over a cubic glass vessel containing about 
500 ml of nutrient solution of the composition described by Olsen (1950). A bell 
jar lined with moist filter paper was placed over the finished arrangement. After 
48 hours the filter paper was removed, and after an additional 24 hours the bell 
jar was removed. After this the plants were placed in a greenhouse, exposed to 
ordinary daylight, with the possibility of providing additional artificial light when 
necessary in wintertime or on darker days. The nutrient solution was renewed every 
other day. 

Plants to be used for transpiration studies were carefully removed from the 
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Figure 1. Photograph of the arrange- 
ment used for direct microscopic 
studies of stomata behaviour. 


plastic slab and placed in the plant chamber of the corona hygrometer. The trans- 
piration measurements were carried out in the same way and under the same 
conditions as those previously described (Allerup 1959). 

Plants used for the microscopic studies would remain in the plastic slab, thus 
with certainty avoiding any possible damage to the roots. The set of plants was 
placed near the microscope at a convenient height, and a leaf from a plant of a 
suitable size was placed on the stage of the microscope, carefully kept stretched in 
an oblique position by means of two cover slides held by ordinary stage clips. 

In the experiments here described the severance of the water-conducting tissues 
was done in air immediately above the seed, whether the plants were used for trans- 
piration investigations for microscopy. 

Microscopy. Reichert equipment consisting of an RC stand fitted with a square 
‚mechanical stage with plate cover and graduations (mm, with nonii) corresponding 
to the transversal and lateral movements was used for the microscopic studies. The 
microscope had a monocular inclined tube and was_illuminated by means of a 
Universal-Opak-Iluminator, adjusted to dark ground illumination, its light source 
being a 6 volt 15 watt bulb. The normal substage arrangement which is designed 
for use with transmitted light was not used, but by removal of the plate cover from 
the square mechanical stage it becomes possible to use this light source for illumina- 
tion of the leaves during the experiment. The objective was a Reichert Epi 45 X 
with n.a. 0.65, and the ocular a Reichert 16 X compensation ocular. The experimental 
arrangement is shown in Figure 1. 

The preliminary experiments having shown the aperture of the stomata under 
the experimental conditions (relative humidity at the stage of about 55 °/o) to be of 
an order of” magnitude corresponding to a width of a mere 1 u or less, it was 
necessary to abandon the thought of performing the determinations with a simple 
measuring ocular as such. Instead an arbitrary scale was introduced to characterize 
the degree of opening; 0 in this scale indicates stomata completely closed; 1 stomata 
open at one end; 2 stomata just open throughout their length; 3 stomata distinctly 
open throughout their length (the width of the stomata is here approximately 1 u); 
4 stomata even more open; 5 high degree of aperture and 6 maximum aperture of 
the stomata. This scale is seen to be most highly differentiated at small aperture 
widths, but since, 1) these are the ones found under the prevailing conditions when 
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Figure 2. Microphotographs of barley stomata with different apertures. 0: Stoma completely 
closed, 2: just open throughout its length, 3: distinctly open throughout its length, 4: opening 
even more pronounced. The figures refer to scale values, see p. 114. Microphotographs 
taken by means of a Reichert Zetopan microscope and camera VBX, objective Epi 45 X, 
ocular 8x, plane, dark ground illumination. Exposure 1 sec on Ilford PF special. 


the leaves were placed under the microscope, and 2) it has been shown (by, e.g., 
Stälfelt 1932) that a variation of the aperture within this range is particularly 
effective with regard to stomatal transpiration control, and since 3) apertures of 
scale values 0, 1, 2, and 3 were found to be easily distinguished, the scale was con- 
sidered suitable for the present study. Examples of stomata in various states of 
opening are given in Figure 2. 

Aiming at in the results to cover as wide and representative a part of the leaf as 
possible, a special measuring technique was adopted. At the beginning of the measure- 
ments 10 stomata are chosen, lying in a band across the leaf. As the leaf was placed 
in an oblique position this may be achieved by using only the transversal movement 
of the mechanical stage, fixing the screw for the lateral movement at a suitable 
position. The 10 stomata should be chosen within leaf areas forming planes at right 
angles to the visual direction, hence facilitating their observation. The position of 
each individual stoma is read from the scales of the mechanical stage and recorded. 
By readjusting the stage according to the records it is easily possible to relocate the 
individual stomata. In a few cases it may be necessary to indicate the position 
within a field of vision of the stoma chosen by means of a diagram. The 10 stomata 
are then examined repeatedly within a period of one hour and in as rapid a succes- 
sion as possible. With a little practice it becomes easily possible to examine the 
stomata as often as every 3rd minute. Hence the individual stoma is on the average 
exposed to the illumination of the microscope for maximum 20 sec. 

The results of the aperture measurements are given in figures representing the 
sum of the observed scale values for 10 stomata (2). Detailed recording showed 
that all the individual stoma did not stay unchanged during experiments with intact 
plants, some of the stomata were found to have opened a little whereas others 
appeared to have been closing a little. The fact that the sum of the scale values for 
10 stomata remains constant from measurement to measurement (Figure 3, A) 
indicates, however, that the brief illumination of each stoma during the measure- 
ment (20 sec in average) does not induce a general opening of the stomata. 

Transpiration experiments. Measurements of transpiration were made parallel to 
the microscopic studies of stomata behaviour by means of matching samples of 


Physiol. Plant., 13, 1960 


116 S. ALLERUP 


plant material. Hence it should be possible to compare the changes in transpiration, 
released by severing the plant stems, with changes in the stomata apertures induced 
in the same way. The measurements were made by means of a corona hygrometer, 
construction and modifications as described by Allerup (1959). 

In order to obtain a consistent basis for comparison between the two kinds of 
measurements, it is of importance to perform both of them under as uniform and 
as similar conditions as possible. This object might be reached by placing the plant 
on the stage of the microscope inside a plant chamber like that used in the hygro- 
meter. The construction of a chamber suitable for this purpose is, however, subject 
to great difficulties, as the chamber must simultaneously be movable on the 
mechanical stage and fit tightly to the objective, which in turn must be able to move 
in a direction perpendicular to that of the stage, having at the same time the front 
lens placed inside the chamber. The construction of an ideal chamber has not yet 
been completed. 

The average relative humidity of the air near the microscope was found to be 
about 55 °/o, and hence the air being led into the plant chamber of the hygrometer 
was adjusted to a humidity of a little less than 50 °/o (in most cases 48 °/o). When 
leaving the plant chamber the air contained a relative humidity of 80 to 90 ©, 
and it seems safe to assume that at least the air around part of the leaves must 
have been of a relative humidity of round about 55 °/o. The illumination of the 
plants was constantly kept at 12,000 lux. Under these conditions the transpiration of 
intact plants in the corona hygrometer stayed at the same level during several hours. 


Results and Discussion 


It appears from Figure 3 C that the rate of transpiration in control experi- 
ments with intact plants is virtually unchanged within the experimental 
period (here 1 hour). It is further seen from curve A in the same figure 
that the sum of scale values for stomata apertures is not changed in plants 
under similar conditions. 

If on the other hand the stem is severed and the translocation of water 
within the plant is thus disturbed, an opening of the stomata takes place as 
shown in curve B, parallel to the increase in transpiration shown in curve D. 
An increase in stomal aperture has invariably taken place not later than 3 
to 4 minutes after the cutting. After 10 to 15: minutes (the time involved 
depends upon the size and the age of the plant material) a decrease in trans- 
piration sets in, and about 20 minutes after the interference the rate of trans- 
piration has returned to the value registered at the beginning of the experi- 
ment. At this time also the stomata have commenced closing again, and the 
aperture is very nearly identical to that found at the beginning of the 
experiment. 

The demonstrated increase in transpiration may appear to be but slight, 
compared to the considerable changes in the aperture of the stomata; it may, 
however, be emphasized that the transpiration conditions at the stage of the 
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Figure 3. Variations in stomata apertures (curves A and B) and transpiration (curves C 
and D) in young barley leaves. A and C show the course in intact plants, B and D represent 
the reaction following severing of plant stems. In all cases the abscissae represent the time 
in minutes, in the cases of A and B the ordinate (=) represents the sum of the scale values 
for apertures observed in 10 stomata (relative scale see p. 114), in C and D the ordinate 
represents the vapour pressure (p H20) of the air leaving the plant chamber of the corona 
apparatus. The arrows in B and D indicate the time of severance. The curves shown are 
typical for the experimental material which comprises up to 10 specimens of each the 4 
types of experiments shown. 


microscope and those inside the plant chamber of the corona hygrometer 
are not directly comparable. A fact common to the two sets of conditions 
is that during both treatments, the rate of transpiration remains constant as 
seen in curves A and C of Figure 3, but light and humidity conditions differs. 
In the case of the transpiration measurements the plants are exposed to a 
constant light intensity of about 12,000 lux, whereas during the microscopic 
examination they receive only diffuse, subdued daylight, with exception of 
the brief intervals during the measurements proper. At the stage of the 
microscope the air is comparatively dry and the plant has no possibility of 
maintaining a more humid microclimate as is the case within the plant 
chamber where the relative humidity is varying in different strata from 48 
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to 80 or 90 %. Microscopic experiments with leaves, preconditioned at high 
humidity, have shown that a relative humidity of 85 °/o in light will induce 
the stomata to open wide (scale value 4 to 5). Hence it may be assumed that 
in the upper part of the leaves near the outlet of the plant chamber of the 
hygrometer the stomata are wide open and that, although they may react to 
the cutting there is no considerable increase in their possibilities of affecting 
the transpiration. 

The stomata of the lower parts of the leaves, which are surrounded by air 
of a relative humidity of 50 to 60 °/o, must, however, be assumed to have 
apertures of the same size as those found by the microscopic investigations. 
A change of the aperture of the stomata in this part of the leaves must have 
a considerable effect on the magnitude of the total transpiration, even though 
the upper parts of the leaves, which are surrounded by air of a great rela- 
tive humidity, causes no notable increase of transpiration. The connection 
between the changes in stomatal aperture and transpiration is likewise 
supported by the fact that both, subsequent to the interference with the 
water-conductive tissues, follow the same schedule of time. 

Thus an increased rate of transpiration matches the increased apertures 
of the stomata, and hence it may be assumed that the sudden increase in 
transpiration occurring upon severing of the stem is due to hydropassive 
opening of the stomata induced by the reduction of tension in the water 
phase of the plants, the cutting disrupting the conductive tissues of the plants 
and causing air to enter into the vessels. The plants being unable to take up 
water subsequent to this interference are capable of maintaining the increased 
rate of transpiration only for a short period of time. The incipient water 
deficiency will cause a hydroactive closing of the stomata, and hence the 
rate of transpiration suddenly drops very considerably. 

It may be seen from curves A and B of Figure 3 that at the beginning of 
the experiments the average scale value for the aperture is 1, i.e., the stomata 
are open at one end only. Following the severing of the stem the aperture 
increases approaching an average value of about 2, i.e., stomata are just 
open throughout their full length. However, this average value does not mean 
that all of the 10 stomata measured reacted identically. In all of the experi- 
ments 1 or 2 stomata appeared to be completely unaffected throughout the 
period of the experiment, while on the other hand certain others showed a 
particularly strong reaction. 

The changes in aperture mentioned might appear to be so slight that they 
could be microscopically observed only with difficulty. The experiments 
have shown, however, that with a little practice it becomes very easy to 
distinguish apertures of scale values 0, 1, 2, and 3 which are the ones most 
frequently occurring. The applicability of the method is also evident from 
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the records of an “unsuccessful” experiment in which a plant which should 
have remained intact throughout the experiment, but got a sharp broke in 
the stem about halfway through, without the experimenter being aware of 
the fact until the conclusion of the experiment. The data here showed a 
change to have taken place in the aperture of the stomata, of the type found 
when a severing is made at about the middle of the experimental period. 


Summary 


The previously described increase of transpiration in young wheat plants 
induced by disjoining the water-conductive tissues of the plants (Rufelt 1956, 
Allerup 1959) has been demonstrated to take place in barley seedlings as 
well. À method has been developed for direct microscopy of stomata over 
longer periods of time (incident light, dark ground illumination). By means 
of this method it was possible to demonstrate that severing of plant stems 
induces an opening reaction (hydropassive) in the stomata. This opening 
coincides with the changes in transpiration described, and hence it may be 
assumed that the cause of the observed increase in transpiration is an opening 
reaction in the stomata, induced by the suddenly reduced tension in the 
water phase of the plant. 


This study was made possible by a grant for apparatus from the Danish State 
Research Foundation. 
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Curves depicting the interrelationship between photosynthetic rates and 
time are called photosynthesis time curves and classified as CO, and O, 
curves depending on the gas considered at the determination of the rates. In 
a previous study concerning the photosynthesis of various moss species it 
was shown that the CO, curves of these plants usually contain a peak occur- 
ring after an illumination period of about 1 minute. This peak we call the 
primary peak or the 1 minute peak (Vejlby 1959b). 

In experiments with the moss species Polytrichum attenuatum simul- 
taneous determinations was made of the CO, and the O, time curves (Vejlby 
1959 a). These experiments showed that the O, curve had no 1 minute peak 
but increased steadily throughout the induction phase. Thus the 1 minute 
peak appears to be related to a special uptake of carbon dioxide not directly 
connected with the over-all process of photosynthesis. 

In experiments with the moss species Thuidium tamariscinum, the CO, 
curve of this plant has been shown in addition to its primary peak to contain 
a secondary one, occurring after 4 minutes of illumination. If the plant 
material, however, is treated with a solution of iodoacetamide immediately 
before the measurement of the time curve, the latter is found to undergo a 
fundamental change. Only the primary peak remains, the secondary one 
having been completely leveled out. Hence it was rendered probable that the 
secondary peak differs in nature from the primary one (Vejlby 1959 b). 

The present study is concerned with the course of the oxygen time curve 
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Figure 1. Photosynthesis time 
curves for Tortula muralis in 

a helium atmosphere (3 % 700 
CO; and 20 °/o Os in He). 
Temperature 15°C. Abscissa: 

time in minutes. Ordinate: 
galvanometer readings in mm, 

i.e., uptake of CO: (curve C) 50 
and release of O2 (curve D). 
Black and white areas under 

the curves indicate dark and 

light periods, respectively. 


in yet another case where the carbon dioxide curve shows a secondary peak 
as well as a primary one. The plant used for the experiments was Tortula 
muralis Hedw., collected from a cement wall at Holte, 15 kilometres north 
of Copenhagen. The photosynthetic rate was measured by means of the 
diaferometer method (details in Vejlby 1958), allowing a simultaneous 
determination of the interchanges of CO, and of O, between the plant 
material and the surrounding air. The gas used was a mixture containing 
3 per cent carbon dioxide, 20 per cent oxygen, and 77 per cent helium 
(Vejlby 1959 a). The flow rate was 7 litres/hour and the temperature of the 
gas was 15°C. The light intensity was 255 cal/dm?hr (À 400—700 my), ie. 
8900 lux. 

The results are seen in Figure 1. In agreement with previous experiments 
the CO, curve is found to form a distinct peak after a bare 1 minute of 
illumination of the plant material, whereas the O, curve increases steadily 
during the first four minutes of the light period. After about 2 minutes of 
illumination the curves virtually coincide. When the plants have been 
illuminated for four minutes the intensity of the gas exchange decreases for 
a period of one and a half minutes only then to resume its rise. This last 
decrease as well as the subsequent rise show up in almost identical ways 
in the CO, and the O, time curves which here both form peaks. 

In contrast to the 1 minute peak previously mentioned, which appears in 
the CO, curve only, and which must hence be assumed to owe its existence 
to the uptake of CO, by a special acceptor of carbon dioxide which was 
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named acceptor I (Vejlby 1959 a, c), it appears from Figure 1 that the 4 
minutes peak which is found in both time curves is entirely different. The 
existence of this peak must be due to a momentary fluctuation of the over- 
all photosynthetic rate. It is not possible at the present time to make any 
definite pronouncements concerning the reasons for this; but it seems worth 
nothing that the second peak is developed even before photosynthesis has 
reached its steady state equilibrium. Perhaps it would be more reasonable 
to characterize this phenomenon as a depression rather than as a peak. At 
least it seems possible to postulate that it has been brought about as a result 
of an acceleration of the photosynthetic rate through some minutes. For 
some reason or other this acceleration in certain plant species causes the said 
depression (or peak) to appear in the photosynthesis time curves. 

In the introduction we mentioned that in experiments with Thuidium 
iodoacetamide was found to have a levelling effect on the secondary peak 
in the carbon dioxide time curve for this plant. As iodoacetamide is known 
to have a strongly inhibiting effect on dehydrogenases it appears reasonable 
to assume that the influence of these enzymes in the Thuidium experiment 
is eliminated to a certain extent. In concequence most reduction processes 
proceeds at a low steady state level and every possibility for acceleration of 
the photosynthetic processes is excluded. Hence there exists no chance for a 
momentary decline in the carbon dioxide uptake caused by a sudden decrease 
in the said acceleration. In other words: The secondary peak in the time 
curve does no longer occur. 

It has not been possible to demonstrate the existence of a secondary peak 
in the time curves for all the plants tested. Out of a total of 12 moss species 
only 5 showed a distinct reaction, and none of the 3 sphagnum species and 
the 3 liverworts showed any tendency to form secondary peaks in their CO, 
time curves (Vejlby 1959b). 

Van der Veen has previously (1949) studied the secondary peak of the CO, 
time curve, in particular using the grass species Holcus lanatus as sample 
plant. He found the occurrence of this peak to depend strongly upon the 
intensity of light. At intensity of 30,000 lux induced a strong reaction, 10,000 
lux caused a mild reaction, and 3000 lux failed to produce any secondary 
peak at all. Two of the moss species which had previously shown secondary 
peaks in their photosynthesis time curves, viz., Tortula muralis and Thui- 
dium tamariscinum, N exposed to similar variations in light intensity. 
In AE case of these species it was found to be of no consequence whether 
the light intensity was 33-000, 13,000, or 7000 lux. In all three cases the size 
of the secondary peak in the time curve was virtually the same. 
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Summary 


A simultaneous determination of the CO, and the O, time curves of photo- 
synthesis in the moss species Tortula muralis has been made by means of the 
thermal conductivity method. While ihe CO, curve gives peaks after illumina- 
tion periods of 1 as well as of 4 minutes, only the 4 minute peak occurs in 
the O, curve. Hence the 1 minute peak represents an uptake of carbon 
dioxide by a special carbon dioxide acceptor (acceptor I), whereas the 4 
minute peak, common to both time curves, represents a momentary fluctua- 
tion of the over-all photosynthetic rate. Some possible reasons for this fact 
are advanced. 


We acknowledge the support of the Carlsberg Foundation and of the Danish 
State Research Foundation in acquiring certain pieces of apparatus. Stud. lic. Axel 
Madsen assisted in carrying out the measurements. 
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DNP (2,4-dinitrophenol) has been found by a number of investigators to 
inhibit both anion and cation uptake in a variety of plant tissues (Arisz 
1953, Hopkins 1956, Middleton 1955, Ordin and Jacobson 1955, Robertson 
et al. 1951, Russell and Ayland 1955). Following some preliminary investiga- 
tions, Chasson and Levitt (1956) reported in a brief note that calcium uptake 
by potato slices was stimulated by the addition of DNP. Presented below are 
the results of a more thorough study of these initial observations. 


Materials and Methods 


Calcium-45 was obtained as the chloride from the Oak Ridge National Labora- 
tory; it contained stable calcium as a carrier. Rubidium-86 was obtained from the 
same source as carrier-free Rb®®Cl. Counting was done using a thin-mica-window 
G.M. counter (1.9 mg./cm.?) in conjunction with a decade scaler. All samples were 
counted dry in pyrex planchets. Potatoes (Burbank Russets and Zeeuwsemuizen) 
and carrots were obtained in large lots from a local supplier and kept at 2—4°C. 
until needed. 

Uptake experiments were performed essentially as described in a previous paper 
(Chasson and Levitt 1957). Briefly, 2 mm. thick slices of potato tuber were washed 
for 48 hours in running tap water prior to placing in the labelled solutions. Total 
uptake was determined by the loss of radioactivity from the external solution. 
Following uptake, previously weighed samples of tissue were removed from the 
labelled solutions, blotted dry, rinsed in distilled water, and then rinsed in several 
changes of the stable isotope to remove any exchangeable radioisotope. The tissue 
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Figure 1. The effect of 2,4-dinitro- 
phenol on the uptake of cal- 
cium-45. Initial calcium concen- 
tration 0.544 meq./liter. Tempera- 
ture 20°C. 
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was rinsed once more in distilled water, blotted dry, and frozen in liquid air. The 
slices were allowed to thaw and the cell sap was then expressed in a hydraulic 
press. The labelled solutions were buffered at pH 5.9—6.1 except where noted 
(Table 2 and Figure 8). The DNP was supplied at a concentration of 5.9X 10° 
moles/liter with the exception of Table 3 and Figure 9. 

Respiration rates were determined in the following manner: disks of tissue were 
strung on knitting needles and placed in cylinders 3 cm. in diameter and 36 cm. 
long. CO,-free air was supplied through a sintered glass filter at the base of each 
tube. Carbon dioxide production was measured by bubbling the air which had 
passed through the treatment solution into a Pettenkofer tube containing Ba(OH), 
and titrating the latter with HCl. 


Results 


When dinitrophenol was added concurrently with radiocalcium the uptake 
of calcium by potato slices was increased over that of the control (Figure 1). 
That the accumulation in the vacuole was increased at the same time can 
be seen in Table 1. In this and subsequent experiments it was found that this 


Table 1. Effect of dinitrophenol on uptake and accumulation of calcium and rubidium by 
potato and carrot slices. 


: : Uptake time| Tissue uptake in | Cell sap activity 
CE mee aba ersgandseatien in hours cts./min./g.fw. in cts./min./ml. 
| 
Pe ran  .….…. EEE 

Potato | Control-caleium ............ 24 14,519 6,884 
I sce Ronee ess 24 17,998 9,134 
Potato Control-rubidium . ......... 24 9,095 4,236 
ID NPP en. 24 6,324 3,988 
t Control-caleium ............ 24 14,416 3,638 
Le, DIN PRE ea 24 13,515 2,542 
Control-rubidium .......... 24 9,044 6,768 
Deere ein 24 5,900 5,520 
Control-rubidium .......... 48 13,294 9,608 
DIN Ba ee: 48 8,993 8,156 
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Figure 2. The effect of DNP on the 
uptake of calcium-45 by potato 
slices at 20°C. Initial calcium con- 
centration 0.11 meq./liter. DNP 
added two hours after start of the 
experiment. 
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stimulation of uptake usually became apparent following a lag period of 
four to six hours after the start of the experiment. If the DNP was introduced 
two hours after the start of the experiment, the same four to six hour lag 
period was found (Figure 2). In the latter experiment CO, production was 
measured concurrently with ion uptake and it was found that the respiration 
of the potato slices was stimulated by the addition of DNP (Figure 3). This 
is in agreement with the results of other investigators (Beevers 1953, Elias- 
son and Mathiesen 1956, Kandler 1950, Middleton 1955, Ordin and Jacobson 
1955, Robertson et al. 1951). The slight rise in respiration rate prior to the 
addition of DNP was probably due to the fact that the slices had been 
washed in running tap water at about 16°C. and were then placed in solu- 
tions at 20°C. 

While DNP at a concentration of 5.9X 10° molar consistently increased 
the uptake of calcium by potato slices, this concentration of DNP markedly 
inhibited the uptake of labelled rubidium by the same tissue (Figure 4). 
When carrot slices were substituted for potato, both calcium and rubidium 
uptake were inhibited by DNP (Figure 5). 

An experiment was performed in which DNP was supplied to potato slices 
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Figure 3. The effect of DNP on CO: 8 { DNP ADDED 
production by potato slices. Sym- : 
bols: ovals, control tissue; triangles, nn 


DNP-treated tissue. 


HOURS 


Physiol. Plant., 13, 1960 


INVESTIGATIONS OF ION UPTAKE BY TISSUE SLICES II 127 


Figure 4. The effect of DNP onthe 
uptake of rubidium-86 by potato 
slices. Initial rubidium concentra- 
tion 0.025 meq./liter. Temperature 
20.3°C. 
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Figure 5. The effect of DNP on the 
uptake of calcium-45 and rubidium-86 
by carrot slices. Initial calcium con- 
centration 1.116 meq./liter. Initial ru- 
bidium concentration 0.025 meq./liter. 
Symbols: triangle, calcium uptake by 
control; closed squares, calcium up- 
take by DNP-treated tissue; ovals, 
rubidium uptake by control; open 
rectangle, rubidium uptake by DNP- 
treated tissue. 


Figure 6. The effect of DNP on the 
uptake of calcium-45 by potato 
slices. Symbols: triangles, control 
tissue; ovals, tissues supplied with 
DNP during the last 24 hours of 
the prewashing period and then 
placed in labelled calcium; rect- 
angles, DNP provided concurrently 
with calcrum-45. 
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| * Figure 8. The effect of DNP on the 
uptake of labelled calcium by potato 
slices at reduced pH. Initial calcium 
concentration 1.116 meq./liter. Tem- 
perature 20°C. Symbols: open ovals, 
control tissue at pH 4; rectangles, 
DNP-treated tissue at pH 4; triangles, 
control tissue at pH 5; closed ovals, 
DNP-treated tissue at pH 5. 
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during the last 24 hours of the prewashing period. The DNP was then 
removed and the slices treated with a radiocalcium solution identical with 
that of the control. A third set was provided with DNP concurrently with 
the calcium-45. As Figure 6 indicates, the DNP pretreatment increased the 
calcium uptake slightly over that of the control. It was not, however, as large 
as the increase observed when the DNP was provided at the same time as the 
calcium. 

The uptake of calcium by potato slices was determined at 2°C. to study 
the effect of DNP at a reduced metabolic level. Once more, DNP was found 
to stimulate calcium uptake (Figure 7), suggesting that DNP exerts its effect 
at some non-metabolic stage in the absorption process. 

In all of the above experiments the labelled solutions were buffered at 
about pH 6. When calcium uptake was determined at reduced pH’s, DNP 
was again found to stimulate uptake — very markedly at the lowest pH 
(Figure 8). However, the accumulation into the vacuole was at the same 
time inhibited as Table 2 indicates. 

The effect on the uptake and accumulation of radiocalcium depends on 
the concentration of DNP. Total uptake is illustrated in Figure 9. The effects 
of DNP concentration on uptake and accumulation are presented in Table 3 


as ratios rather than absolute values to facilitate the comparison between 
the control and the DNP-treated tissues. 


Table 2. Effect of dinitrophenol at reduced pH on the uptake and accumulation of calcium 
by potato slices. 


À ea 


Treatment pH Ris time in Tissue uptake in | Cell sap activity 
| ours cts./min./g.fw in cts./min./ml. 
nn ed RE UE RES 
Control era. 4 24 10.166 | 

’ 7,640 
DNB ates 4 24 14,484 4991 
Control ne 5 24 14,348 10.297 
DIN De eee 5 24 15.164 | A 
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Figure 9. The effect of various con- > 
centrations of DNP on the uptake of 3 
labelled calcium by potato slices. > 
Initial calcium concentration 0.558 5 
meq./liter. Temperature 20.2°C. Sym- 
bols: triangles, control tissue; open Z 
rectangles, 5.9X1077 moles DNP/liter; _, 
closed squares, 5.9X1075 moles DNP/ x 
liter; ovals, 5.9X10-? moles DNP/ & 
liter. 5 

Discussion 


In a recent publication, Stenlid (1959) reported that DNP in concentra- 
tions between 107% and 105 moles/liter stimulated chloride uptake in excised 
wheat roots. All reports prior to this (see exception noted earlier) indicated 
that DNP inhibited ion uptake. The question of whether this inhibition is 
due to the direct effect of DNP on the accumulation mechanism or whether 
the DNP prevents the mechanism from operating by causing some type of 
cellular disorganization has not yet been answered conclusively (Hopkins 
1956, Lundegärdh 1953, Lundegärdh 1958, Ordin and Jacobson 1955, Ro- 
bertson et al. 1951). The explanation for the stimulation of ion uptake would 
seem even more obscure. The stimulation of calcium uptake appears to be 
relatively specific with regard to both the ion and the tissue, for DNP 
inhibited rubidium uptake in potato and both rubidium and calcium uptake 
in carrot slices. Similarly, Stenlid found that the same concentrations of DNP 
which increased chloride uptake in wheat roots reduced the uptake of phos- 
phate and nitrate. DNP has previously been shown to inhibit chloride 
accumulation in carrot (Robertson et al. 1951) and barley (Ordin and Jacob- 
son 1955). 

Pretreatment with DNP did not stimulate calcium uptake to the same 
extent as when DNP was supplied simultaneously with the calcium. There 
are two possible explanations that come to mind: replacing the DNP solu- 
tion with one containing the labelled ion reduced the DNP concentration 
within the tissues to a point where it was no longer effective (or not as 
effective) in promoting calcium uptake; or, the stimulated uptake is due to 
some type of surface phenomenon and the calcium and DNP must both be 
present at the same time for this effect to be manifested (cf. Viets effect). 

Reducing the pH of the treatment solution caused a reduction in the uptake 
of labelled calcium by potato slices (Figure 8). What is most interesting is 
the fact that at pH 4 dinitrophenol increased the total uptake by about 
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Table 3. Uptake and accumulation of radiocalcium at varying concentrations of dinitro- 
phenol as compared with a control. 
UIID E 


Cell sap Cell sap ratios Uptake ratios 
ID. - 
Treatment Eiternaksolution DNP- treated DNP- treated 
control control 
Control®.72.<e- een 1.93 — — 
59 <10—" DNP I... 1.95 1.01 1.05 
5.9 X 10-5 DNP ....... 3.55 1.56 1.36 
5.9 X 10-3 DNP....... 1.41 0.69 1.07 


27 per cent over the control, but, at the same time, caused a 34 per cent 
reduction in the vacuole accumulation. A similar situation was found at 
pH 5, though the extent of the stimulation and inhibition was not so great. 
To account for this dual effect it is suggested that DNP influences two 
separate stages of the accumulation process, the entry into the cytoplasm 
and the accumulation into the vacuole. A similar suggestion has previously 
been proposed by Arisz (1953) who reported that DNP inhibited the accu- 
mulation of chloride into the vacuole but not uptake into the cytoplasm of 
Vallisneria leaves. The method by which DNP stimulates uptake into the 
cytoplasm is not readily apparent from the preceding results. Three pos- 
sibilities are offered: (1) DNP forms a nondissociable salt or complex with 
the calcium, which enters the cell in this form; (2) DNP lowers the resistance 
to diffusion of the plasmamembrane (cf. Lundegärdh 1953); (3) DNP 
increases the number of binding sites or carriers. No evidence was found to 
support the first possibility; on the contrary, results tended to refute it. If 
the expressed cell sap was dialyzed, it was found that the rate of loss of 
radiocalcium was the same for both the control and the DNP-treated tissue, 
indicating that the calcium was in the ionic form in both cases. With 
reference to the second possibility, it is in agreement with the observation 
that DNP stimulated calcium uptake at 2°C. as well as room temperature. 

As mentioned previously, the mechanism of the DNP inhibition of the 
active accumulation process has not been established. However, the pH and 
DNP concentration do show a marked quantitative relationship to the amount 
of inhibition (Figures 8 and 9). At the lowest DNP concentration there was 
no significant effect on either total uptake or active accumulation (Table 3). 
At 5.9X 10-5 molar DNP both uptake and active accumulation were stimu- 
lated (36 per cent and 56 per cent, respectively). At the highest DNP con- 
centration total uptake was increased slightly but the accumulation into the 
vacuole was strongly inhibited. This would indicate that in the first instance 
the DNP concentration was reduced below a certain critical concentration 
and had no effect on uptake or active accumulation. At 5.9X 10-5 molar it 


7 à RR 
not possible to say whether the increase in cell sap activity was due to a 
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stimulation of the accumulation mechanism per se or to the fact that the 
increased uptake into the cytoplasm resulted in a higher calcium gradient 
between the cytoplasm and the vacuole. Indeed, it is possible to conceive of 
the active mechanism being inhibited but the inhibition being obscured by 
the increased uptake and the resulting transfer to the vacuole. There seems 
to be little doubt that active accumulation was inhibited by 5.9X 10-3 molar 
DNP. It is obvious that the external concentration will strongly influence 
the type of response to DNP. Similar findings were reported by Beevers 
(1953) who observed that respiration in carrot slices was stimulated at DNP 
concentrations less than 10~* molar but depressed at concentrations above 
10-3 molar. 

With regard to the relationship between pH and the inhibition of active 
accumulation into the vacuole, it is suggested that increasing the hydrogen 
ion concentration of the solution tends to reduce the dissociation of the 
dinitrophenol molecule. Hopkins (1956) has shown that the penetration of 
DNP into barley roots is facilitated by low pH’s. He suggested that the DNP 
enters mainly as the undissociated molecule. It is not unlikely that a similar 
situation holds for potato. Thus, the effect of lowering the pH of the external 
solution would be to increase the amount of DNP entering the cytoplasm to 
a point where the internal concentration becomes inhibitory. 

The following theory is proposed as a possible explanation of the stimula- 
tion of calcium uptake by dinitrophenol which is found under certain experi- 
mental conditions. DNP increases the initial non-metabolic uptake into the 
cell. At the same time the active accumulation mechanism may be inhibited, 
the extent of the inhibition being dependent on the internal DNP concentra- 
tion. The resulting calcium concentration of the expressed cell sap will 
depend on the balance of these two factors. 


Summary 


Dinitrophenol was found to increase the total uptake and active accumula- 
tion of calcium by potato slices when supplied at a concentration of 5.9 1075 
moles DNP/liter. Rubidium uptake by potato and both rubidium and cal- 
cium uptake by carrot slices were inhibited by this same concentration of 
DNP. At higher concentrations DNP was found to increase the uptake of 
calcium into potato slices while reducing the accumulation into the vacuole 
at the same time. A theory to explain this dual effect was proposed. 
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Opinions regarding the fundamental questions in the ion uptake and 
transport in the plant have been strongly divergent during the last years. 
Especially the relations between ion and water uptake, which have been 
maintained by several investigators, have been the subject of much discussion. 
Of great importance in this connection has been the development of the 
theories about an apparent free space in the root, freely accessible to the 
ambient solution. 

An increased ion transport to the shoot with increased transpiration has 
been demonstrated by some authors. Hylmö (1953) contended that the 
increase depends on mass flow of ions with the transpiration water. Brouwer 
(1954, 1956) accepted the apparent connection between water and ion 
transport, but he considered it to be for the main part an indirect one. There 
should be a simultaneous increase of the conductivity for water and ions in 
the root tissues when the suction tension in the xylem vessels increases. 
Russell and Shorrocks (1958, 1959), on the other hand, attributed all the 
water-induced ion transport to a stimulated active bleeding. Van den Honert 
et al. (1955) could not find any connection at all between water and ion 
uptake in their material. 

In sunflower Wright and Barton (1955) working with labelled phosphorus 
showed an ion transport to the shoot stimulated by the transpiration, and 
Russell and Shorrocks also obtained an increased phosphorus intake with a 
more rapid water flow throught the plant. In: the present paper results are 
presented from a series of new experiments with sunflower plants. The aim 
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has been to demonstrate the relationship ion— water uptake when transpira- 
tion is varied between wide limits and at different medium concentrations. 
Hylm6 (1953) working with pea plants found that the concentration of the 
transpiration stream varied proportionally with variations in the concentra- 
tion of the medium. However, preliminary experiments by the author with 
young sunflower plants pointed to a different and more complicated pattern 
of the variations in the ion content of the sap stream to the shoot when the 
concentration of the medium was changed. 


Materials and Methods 


The investigations were conducted in a series of photo-thermostats of the approxi- 
mate dimensions 55X80X 75 cm in which temperature, light intensity and humidity 
could be adjusted to the desired levels. 

The experimental plant was sunflower, Helianthus annuus var. Californicus. The 
seeds were germinated by soaking in tap water for 4 hours and then hulled and 
spread out on moist filter paper in Petri dishes. The dishes were put into a dark 
room at 22°C for 2 days. 

After this period the seedlings were placed in the following standard nutrient 
solution: 


2 mM KNO,; 1 mM Ca(NO,),; 0.5 mM MgSO,; 1 mM KH,PO, ; 0.5 mM Na, HPO,; 
10 mg/l. ferricitrate; 0.1 mg/l. MnSO,; 0.1 mg/l. H,BO,. 


The plants were mounted on round perspex discs 35 mm. in diameter, each holding 
6 plants. Four such groups were cultivated simultaneously in 1-litre beakers con- 
taining 800 ml. nutrient solution. Continuous aeration of the solution was arranged 
and water losses were made up for every day; every fourth day a total renewal of 
the medium took place. The temperature was kept at 25+1°C, and light was 
supplied continuously by two 500 watt incandescent bulbs at an intensity of approxi- 
mately 9000 lux. 

The experiments were performed when the plants were 12 days old. During the 
experiments each disc with plants was put in a test tube containing 180 ml. of 
nutrient sölution. Transpiration and water uptake were measured by weighing 
according to Hylmö (1953, table 1). A cotton stopper around the stems in the mouth 
of the tubes prevented measurable evaporation from the solution during the experi- 
ment. No differences in water or ion uptake could be detected in these short-time 
experiments whether aeration of the test solution was arranged or not (cf. Hylmö 
1953, p. 352). For convenience no aeration was undertaken in most of the experi- 
ments described in this paper. The test solution was composed of the standard 
nutrient solution with the sulphate concentration varied: 

0.25 mM SO,: standard nutrient solution with 0.25 mM MgSO,; 

0.5 mM SO,: ; 
ee ne Bee i s re plus 1 mM Na,SO,, 3.5 mM K,SO,. 

4° ” ” ” » 12 mM Na,SO,, 37.5 mM K,SO,. 

Se measurable changes of the concentration of the test solutions could be detected 
during the experiments. 
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The sulphate was labelled by adding a suitable amount of carrier-free radio- 
sulphate as delivered by the Radiochemical Centre, Amersham. 

In the experiment described in Figure 1 the absorption period was varied as 
indicated in the figure. In the other experiments 2 plant groups were put into the 
test solution as duplicates for 30 minutes, and 2 for 150 minutes. After the experi- 
mental period the roots were blotted between filter papers, roots and shoots weighed 
and then analyzed separately. 

The sulphur analyses were made according to methods described by Kylin (1953) 
and Kylin and Hylmö (1957). They involve combustion by wet oxidation of the plant 
material, precipitation of the radioactivity as BaSO,, and GM-counting on samples 
of standard area and weight. 

All experimental values presented in this paper are means of 2 independent deter- 
minations on different samples. 


Experiments 


It was very difficult to obtain a vegetatively uniform plant material. Yet 
the differences in fresh weight between the plant groups in an experiment 
seldom exceeded 20 °/o. The difference in leaf area between plants on one disc 
could be considerable. In spite of the common medium solutions the salt 
status of the test plant groups varied up to 10 0/0. 


a) Time course of sulphate absorption 


In a preliminary experiment (Figure 1) the sulphur uptake from labelled 
standard nutrient solution during 6 hours was studied. Two different experi- 
mental temperatures, 20°C and 25°C, were chosen. The illumination was 


constantly 9000 lux. 


Figure 1. Time course of absorption 
of labelled sulphate by 12-day-old 
sunflower plants. Series of 5 plants 
were allowed to absorb from a 
nutrient solution containing 0.5 mM 
sulphate for various periods of 
time. Symbols representing total 
amounts present at the end of the 
absorption period in the shoots 
(broken lines) and in the roots 
(full—drawn lines). Experimental 
temperatures: filled circles 25°C, 
open circles 20°C. Light intensity 
9000 lux. Extrapolation of the root 
accumulation to the ordinate gives 
the initial rapid uptake by the roots. , - + 


HOURS 
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In ihe root an initial rapid uptake of about the same magnitude at both 
temperatures was completed during the first 20 minutes. During the following 
hours the content of sulphate increased more slowly, but at a constant rate 
which depended on temperature. After about 4 hours there is a depression 
in the uptake curve probably caused by leakage of labelled sulphate from 
the roots back to the medium. Extrapolation of the curve back to the ordinate 
gives the amount of ions taken up into the AFS as calculated by, for instance, 
Kylin and Hylmô (1957), and others. 

The curves for the transport to the shoot cut the abscissa about 15—20 
minutes from zero time. Thus a time lag exists for the labelled ions to reach 
the aerial parts of the plants. The ion transport to the shoot seems also to be 
dependent on temperature, but the differences are not significant in this 
experiment. The curves are rectilinear even after 6 hours’ experimental time. 

The sulphate uptake in the following experiments has been measured 
over the time interval 0.5—2.5 hours. From Figure 1 it is evident that the 
rate of increase of the amounts of labelled sulphate present in both roots 
and shoots is constant in this interval. 


b) The connexion between water and ion uptake 


The rate of transpiration has been regulated by varying the humidity 
around the shoots (50—95 °/o relative humidity) and by different illumination 
(9000 lux or darkness). The plants were transferred to the environmental 
conditions of the experiments at least 30 minutes before they were used in 


Figure 2. Net uptake of sulphate by 
12-day-old sunflower plants in the time 
interval 0.5—2.5 hours of the experi- 
ment at varying transpiration intensity. 
A: Transport to the shoots; B: Reten- 
tion in the roots. Relative humidity 


around the shoots: circles — 95%; 
squares — 50 °/o. Light intensity around 
the shoots: filled symbols — dark; 


open symbols — 9000 lux. Medium con- 
centration 0.5 mM SO4. All values refer 
to 5 average plants: root fresh weight 
— 4 g, shoot fresh weight — 15 g. 
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Table 1. AFS in sunflower roots at different rates of the water uptake. Calculations 
according to equation 1. Water uptake of 5 mean plants during 2 hours. Transpiration 
varied by different humidity conditions and light intensities. 


Humidity high high low low 
Light intensity dark 9000 lux dark 9000 lux 
Water uptake, ml ...... 0.63 0.69 1.13 1.23 1.74 1.84 2.84 3.46 
ATO een 10,1 18.5 18.5 17.6 20.7 15.3 19.5 14.6 
AFS, mean... 16.8 1 18.0 dre | 


the experiment proper. In order to investigate whether the different light 
and humidity conditions had any other effect than just regulating the transpi- 
ration intensity and to demonstrate the linear relationship between water and 
ion uptake, the experiment represented in Figure 2 and Table 1 was performed. 
The transpiration was varied in 4 different ways as indicated in Figure 2. 
All values in this figure represent the total uptake in the time interval 0.5—2.5 
hours. The rapid “free space” uptake by the roots occurring during the first 
half hour has thus been excluded. The values of AFS in this experiment 
(Table 1) are obtained by extrapolation as in Figure 1 and calculating the 
AFS according to the equation 


umol initial uptake/g. fresh weight 
ambient concentration (mM) 


- 100=AFS (ml/g. fresh wt) °/o eq. (1) 


This value of AFS will include also the surface film of nutrient solution 
remaining on the root after the blotting procedure (Levitt 1957). But as the 
correction for this contamination will be constant over large concentration 
ranges and the size of the free space in itself is not essential in the present 
connection, this method may be used for convenience. 

No connexion between the ion uptake of the AFS and the water uptake of 
the roots could be demonstrated. 

In the root the ion retention is independent of the water uptake. The weak 
trend to an increased sulphate retention with the increased water flow which 
can possibly be found in Figure 2 is not significant and has not been con- 
firmed in the following experiments (Table 2). 

On the other hand, the ion transport to the shoot is highly influenced by 
the water flow through the plants and follows a line y=kx+l. The ordinate 
at zero water uptake (!) represents the component of ions transported to the 
shoot independent of water flow. The part of the ion transport depending 
on transpiration (kx) has been characterized by Hylmö (1953) with the term 
influx coefficient (i) expressing the relation 


peice concentration of water-flow induced component (mM) eq. (2) 
C ambient concentration (mM) 


ı= 
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Table 2. Content of labelled sulphate in sunflower roots. Initial component obtained by 
extrapolation to zero time according to Figure 1, slow component as measured over 2 
hours (time interval 0.5—2.5 hours). All values refer to root fresh weight 4 g. (5 mean 


plants). 
Initial rapid uptake Slow increase of content, "mol 
Medium-| Low transpiration | High transpiration M 
conc. AFS AFS Low High om Bien Mean 
M—SO AFS, = AFS, ’ 
mM—SO, pmol 9/ % | Hmol oy % | tramsp.| transp. | transpiration 
2 mean 9% mean 
0.24 24 0.22 21 05951 2.0,57 0.58 
0.25 0.16 16 20 0.18 18 19 0.32 0.37 0.35 0.51 
0.22 21 0.18 18 0.68 0.51 0.60 
0.37 19 0.37 19 0.42 0.63 0.53 
0.38 19 0.34 17 0.81 0.70 0.76 
0.40 20 0.30 15 0.88 0.99 0.93 
05 0.40 | 20 |f19 | 0.36 | 18° |f 18 | 084 | 1.11 0:98 on 
0.24 12 0.31 16 0.67 0.58 0.63 
0.43 21 0.51 25 0.49 0.39 0.44 
5.2 26 3.4 14 1.58 0.60 1.09 
5 3.7 19 21 2.9 15 Ta 2.10 1033 As l 1.52 
3.8 19 3.7 19 1:75 1.75 1.75 
33 u 35 18 5.2 4.3 4.8 
50 32 16 16 26 13 16 5.0 5.7 5.4 5.2 
30 15 31 16 7.0 3.7 5.4 


Thus the influx coefficient is an expression for the ratio between the 
concentration of the transpiration-induced component in the sap stream to 
the shoot and the concentration of the nutrient solution. 

As the uptake curves in Figure 2 can be represented by straight lines, the 
light and humidity variations of the different experiments have not been 
considered to have any other effect than just regulating the transpiration 
intensity. In the next section (c) uptake curves corresponding to those of 
Figure 2 have been drawn between only 2 determined points. This is justified 
by the rectilinear course of the curves of Figure 2. 


c) Medium concentration and ion uptake 


In these experiments the aim was to compare the importance of different 
ion uptake mechanisms at different sulphate concentrations in the test solu- 
tion and at different transpiration rates (Tables 2 and 3). The composition 
of the test solutions is given before. “High” water uptake was obtained by 
an illumination of the shoots of 9000 lux and a relative humidity of about 
50°/o, The series with “low” transpiration were held in total darkness and 
about 95 °/o relative humidity. The temperature in the chamber was 25 +1°C. 

In Table 2 showing the ion retention in the roots the initial rapid compo- 
Physiol. Plant., 13, 1960 


ION ABSORPTION IN YOUNG SUNFLOWER PLANTS I 139 


Table 3. Translocation of sulphate from mediwm to the shoots of sunflower plants. Sulphate 

uptake at zero water uptake extrapolated as in figure 2. All figures refer to net uptake in 

time interval 0.5—2.5 hours by 5 mean plants (shoot fresh weight 15 g.). Influx coefficient 
calculated according to equation (2). 


Medium Sat ars ae Excess uptake at “high” transpiration Influx de 
conc. P t tak over values at “low” transpiration coeffi- | “oe 
mM—SO, water uptake oe, | cient, 
mol | Mean | Water (g.) | SO, mol | »mol SO,/g H,O | Mean | mean 
0.27 2.70 0.50 0.19 0.74 
0.25 0.13 0.17 2.18 0.26 0.12 0.14 | 0.48 jos 
0.10 2.61 0.27 0.10 0.41 
0.38 3.19 0.28 0.09 0.18 
0.42 2.78 0.36 0.13 0.26 
= 0.77 2.53 0.24 0.09 0.19 & 
es CES EM 2.44 0.48 0.20 Ge 0304.02 
0.63 2.75 0.49 0.18 0.36 
0.33 2.19 0.30 0.14 0.27 
1.10 3.31 4.13 1.25 0.25 
5 0.85 1.04 2.45 2.00 0.82 1.04 | 0.16 |} 0.21 
1.18 2.40 2.51 1.05 0.21 
4.2 3.44 16.3 4.7 0.09 
50 5.5 5.9 2.52 15.0 6.0 5.4 0.12 1.0.11 
8.0 1.38 7.6 5.5 0.11 


nent is obtained by extrapolation to zero time according to Figure 1 and 
calculating the AFS according to equation 1. The AFS values tend to increase 
a few per cent with decreasing medium concentration. Perhaps binding at 
absorption sites in the FS causes this effect (cf. Epstein 1955, Butler 1959). 
The slightly higher AFS values at “low” transpiration are not significant. 
The reverse trend has been noted by Kylin and Hylmö (1957). The following 
slow increase of the amount of labelled sulphate present in the roöts does 
not show any differences at “high” and “low” water uptake (cf. Figure 2), 
and the mean at each concentration has therefore been calculated. 

The sulphur transport to the shoot (Table 3) has been divided into two 
components according to Figure 2: one component, obtained by extrapolating 
the ion— water uptake curve to zero water transport and one component, called 
“excess uptake”, which increases linearly with water flow. It must be noted, 
that the indicated extrapolated values are minimum figures, as a state of zero 
water transport is probably never realized in the intact plant. As a matter of 
fact, in most cases in these experiments the water flow intensity even at 
“]ow” transpiration rates has been so strong as to give a diluted sap stream 
to the shoot in relation to the medium concentration. 

As to the “excess uptake”, no effects can be detected on the water uptake by 
the widely varying medium concentrations. The amounts of sulphate trans- 
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ported per ml. water uptake reach constant values, higher at more concentrated 
media. The influx coefficients calculated according to equation 2 are also 
given in Table 3. At low external concentration the influx coefficient values 
are considerably higher than when more concentrated media are used. 

What is then the nature of this “excess uptake”? Does the transport go 
on actively or passively? The data of Figure 2 showing the direct connection 
between ion and water uptake could be an indication of transport of ions by 
mass flow to the shoot. On the other hand, the widely varying values of the 
influx coefficient in Table 3 suggest a complex nature of this component. 


Discussion 


A rapid initial uptake which has been interpreted as a permeation of an 
apparent free space has been reported by several investigators during the last 
ten years. Levitt (1957) gave a theoretical explanation to the widely varying 
computations of the volume of the FS, which have been presented. He 
postulated the existence of a medium film adhering to the root surface 
remaining after the blotting procedure. Such a film would be quantitatively 
important on roots with small diameters, and corrections for it must be 
applied. In the present material the root diameter was 0.5—0.8 mm. With 
application of Levitt’s corrections for the surface film contamination the AFS 
values of Table 2 would be of the magnitude 9—11 °/e. This value is in good 
agreement with the free space estimations for other materials made by Levitt 
(1957). Experimental support of the theories on the existence of a root surface 
film has been obtained at this laboratory by Ingelsten and Hylmö (personal 
communication). 

Brouwer (1959) reports an initial uptake of 80 ug. Rb/10 mg. dry wt. root 
after blotting the roots gently with filter paper, whereas the corresponding 
quantity after rinsing 10—20 seconds in distilled water reached only 15 ug 
Rb. Even if Brouwer’s blotting was very gentle, a great deal of the ions in the 
interior of the roots seem to have been washed out during these few seconds 
of rinsing. Investigations by the author have shown a very rapid turnover 
between the AFS and the medium. In one experiment with abscised sunflower 
roots in 0.5 mM sulphate medium the initial uptake was completed within 
two minutes, and leakage experiments with the same kind of roots gave 
about the same velocity for the emptying of the FS. It seems necessary to 
avoid rinsing methods for removing surface contamination of the root at 
quantitative determinations of the AFS uptake. 

The great velocities of the ion interchange between medium and root, 
which have been demonstrated above, even give rise to the question whether 
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diffusion and mass flow alone can be responsible for the rapid initial uptake. 
Lopez-Gonzalez and Jenny (1958) presented results supporting the assump- 
tion that nutrients could enter the root via FS or by way of surface migration. 
After transfer to root surface by exchange, ions may migrate into the interior 
along charged surfaces of cell wall constituents. If this surface migration 
theory is further confirmed, the whole question of the nature and localization 
of the AFS must be taken under consideration. Especially care must also be 
taken in estimating and differentiating the quantity of ions taken up by 
diffusion and the film of medium adhering to the root’s surface. In the experi- 
mental methods given up to now no good separation of these quantities has 
been possible. 

Levitt (1957) and Brouwer (1959) have maintained that the free space 
must be localized in the cell walls. On the other hand, Hope and Stevens 
(1952), Butler (1953), Kramer (1957), and Briggs et al. (1957) also include the 
cytoplasm in their free space conception. For the following discussion of the 
possibilities of a mass flow of ions through the AFS in the root this question 
is not of decisive importance. The cell wall component will under all cir- 
cumstances create the main part of a free space. The volume of possible 
plasma components in the AFS in discs of roots of Beta vulgaris has been 
estimated to only about 2°/o of the tissue volume as compared with a wall 
free space of 15—20°/o (Briggs et al. 1957). 

What will then be the fate of the ions after entering the AFS? Epstein 
(1955) showed a sulphate uptake in the “inner” space from the “outer” space 
in barley roots kept in humid air, and Brouwer (1959) demonstrated a com- 
petition between root accumulation and transport of the ions of the AFS to 
the shoot. When no refilling of the free space occurred “exchangeable” ions 
of the root plasm were transported to the shoot. In the author’s material no 
differences in the root’s retention of sulphate could be detected between 
low- and high-transpiring plants. The medium concentrations used were 
always too small to make the accumulation mechanism the limiting factor 
of the active uptake (c/. Robertson 1957). Thus the flow of ions into the 
roots by diffusion and mass flow was apparently rapid enough for main- 
taining a constant concentration of sulphate in the free space at the existing 
transpiration rates. 

Hylm6 (1953) proposed the method of dividing up the ion transport to 
the shoot, which has been used in this work. Hylmö’s interpretations of his 
results have, however, been criticized later by, among others, van den Honert 
et al. (1955) and Russell and Shorrocks (1958, 1959) on the basis of new 
experiments. 

In their criticizm of Schmidt (1936) and Hylmö (1953) van den Honert 
et al. (1955) considered that they could find no relation between water and 
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Figure 3. Rate of water 
uptake and absorption of 
phosphate by one plant of 
Sanchezia nobilis during 
two days. Phosphate con- 
centration below 0.07 mM. 
Water culture continuously 
flowing. Temperature 28° 
C. Crosses — uptake on 
the 12/7 1938; circles — 
uptake on the 13/7 1938. 
(After van den Honert 
et. al., 1955, Figure 4). 


30 60 ml WATER 


ion uptake in their Sanchezia nobilis plants. If, however, their experimental 
values are plotted according to Hylmô, Figure 3 of this paper is obtained. 
Straight lines for the relations between water and ion uptake are obtained 
for two consecutive days with the water transport varied within wide limits. 

Regarding the main series of van den Honert et al. the results are very 
variable, and any connexions between ion and water absorption cannot be 
shown. A considerable part (1/3 to 1/2) of the solute was absorbed during 
these experiments with accompanying concentration changes. As for the 
influence of such changes on the rate of ion intake van den Honert regards 
his concentrations of 5—50 ppm enough for preventing an increased rate of 
ion intake by the root with increased medium concentration. Robertson 
(1957), on the other hand, shows an increased accumulation in carrot tissue 
with rising concentration up to about 60 mM KCl. In the present investiga- 
tion the accumulation rate increases continuously as the medium concentra- 
tion rises to 50 mM sulphate. In a mass flow changes of the medium con- 
centration must always interfere. 

Russell and Shorrocks (1958, 1959) present experimental results which are 
mainly in agreement with those obtained at this institute (Kylin and Hylmô 
1957 and present paper). However, in their interpretations of their results 
Russell and Shorrocks polemize with Hylmö’s school. Hylmö’s influx coeffi- 
cient defined as in equation (2) has by Russell and Shorrocks been replaced 
by the Transpiration Stream Concentration Factor: 


TSCF = Concentration of ions in transpiration stream 
Concentration of ions in external solution 


The T.S.C.F. is a term referring to the ion concentration of the sap stream 
to the shoot including the bleeding stream, whereas the influx coefficient 
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refers only to that part of the ion uptake which is generated by an increased 
transpiration stream. Kylin and Hylmö (1957, p. 476) write: “. .. the influx 
coefficients indicate much lower contents of sulphur in the transpiration 
stream than in a corresponding amount of nutrient solution”. Against this 
Russell and Shorrocks (1959) remark: “. .. no comments were, however, made 
on the evidence that the opposite situation did also occur”. As a motivation 
for this objection Russell and Shorrocks compute Kylin and Hylmö’s experi- 
mental values using their own Transpiration Stream Concentration Factor. 
But as the influx coefficient and the T.S.C.F. are different concepts this 
criticism cannot be made. Hylmö has not denied that the bleeding stream to 
the shoot can be more concentrated than the medium around the roots. 

Russell and Shorrocks do not exclude the possibility of mass flow of ions 
to the shoot, but they assume it to be quantitatively negligible in comparision 
with active components. In this question Kylin and Hylmö (1957) write: 
“At low concentrations the amounts taken up by metabolic processes will 
exceed those involved in physical uptake, whereas sufficiently high sulphate 
contents of the solution have the reverse effect”. 

The presence of a high resistance barrier in the root, preventing back-flow 
of ions from the highly concentrated bleeding sap in the xylem, is stressed 
as necessary by Russell and Shorrocks. A barrier of this kind has been inti- 
mated earlier by Kylin and Hylmö (1957) with reference to Hylmö (1953, 
p. 387) as an alternative explanation to their “sieve effect”. The necessity of 
an ion barrier between medium and xylem is emphasized also by Brouwer 
(1959). 

With regard to the very rapid ion exchange between the medium and the 
AFS, which has been shown, the bleeding pressure, and the high sap con- 
centrations in the bleeding stream, some kind of highly resistant tissue out- 
side the stele seems probable. But at the same time it must be stressed that 
such a barrier would not be a hindrance for passive translocation of ions in 
the cortex outside the stele. 

Ratner et al. (1959) in experiments on ringing or separation of the bark 
give reason to believe that translocation of mineral substances (P??) could 
take place along the cortex or in the wood. In moderately salt-saturated 
plants under conditions of weak transpiration, P?? is detected in the cortex 
in such amounts which leave no doubt that P?? can also move along the 
cortex. Besides giving the cortex importance as a pathway of ion transport 
this investigation also presents new aspects on the question of the mechanism 
of the metabolic transport of ions from root to shoot. 

The extrapolated values representing the ion transport to the shoot at zero 
water transport (Table 3) are at 0,5, 5, and 50 mM sulphate of the same order 
as the corresponding figures for the slow uptake in the roots (Table 2). This 
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is not surprising, if it is assumed that the absorption processes in both cases 
are of the same nature, probably active accumulation, and that ion uptake in 
both cases is going on from the common pool in the free space of the root, 
where ion concentration is constant and nearly equal to that of the medium. 


However, at 0.25 mM sulphate the extrapolated component (0.17 mol) is 
lower than expected as compared with the values at higher concentrations 
and is considerably lower than the corresponding slow uptake of the root. 
At this medium concentration the rectilinear extrapolation can perhaps not 
be made. At extremly small rates of the transpiration stream much larger 
amounts of ions per ml. water would be carried than a rectilinear extrapola- 
tion will indicate. This possibility must be taken into account in investiga- 
tions of this type when low external concentrations are used. Even in the 
influx coefficient calculations attention must be paid to the possibility that 
the uptake curve may not be rectilinear and that the coefficient in this case 
is determined from small differences between large values (cf. Kylin and 
Hylmö 1957, p. 478). 

According to Russell and Shorrocks all the increased ion transport to the 
shoot at high transpiration would be due to a stimulated active bleeding. 
Hylmö (1958) assumes that a smaller part of the water-linked ion transport 
is due to increased bleeding. The varying influx coefficients at different 
medium concentrations in this investigation (Figure 4) also indicate that 
the transpiration-linked component of the ion transport to the shoot is not 
of a purely passive nature regulated solely by a “sieve mechanism” in the 
root. However, at high medium concentration the dilution of the medium in 
the transpiration stream assumes surprisingly constant values over large 
concentration ranges. Even for potassium and nitrate curves similar to that 
of Figure 4 are obtained at this institute (E. Falk, personal communication). 
If the curve runs more or less asymptotically at high medium concentrations, 
this would be an indication of a passive transport of this ion fraction rather 
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than a metabolic one. But at the same time a bleeding stimulation by the 
water stream must not be overlooked. The marked rise of the values of the 
influx coefficient at low external concentration also points to such an 
increased metabolic activity induced by the transpiration stream. 

However, in a mass flow there might also occur a “sieve effect” at the 
surface of the root. The solution passing into the root through the vacuoles 
of the epidermis will hold no appreciable amounts of ions as a result of the 
low permeability of the vacuolar membrane for electrolytes. When entering 
the shoot this water fraction will have a diluting effect on the mass stream. 

Here another complication in the calculations of the influx coefficient 
appears. Sierp and Brewig (1936) showed that in Vicia faba the water absorp- 
tion at high transpiration takes place mainly in the older parts of the roots 
above 100 mm. from the tip. If the transpiration decreases, the maximum of 
absorption will move towards the tip of the root. Taking these facts into 
consideration we must not assume a “sieve effect” to be of the same magni- 
tude at different transpiration rates, as the relations between walls, cytoplasm 
and vacuoles differ widely in different zones of the root. On the other hand, 
Hylmö (1958) in a recalculation of experimental results from Brouwer (1956) 
found an influx coefficient of the same magnitude in all root zones of Vicia 
faba except in the three apical centimetres where the coefficient was found 
to be considerably lower. 

The low values of the influx coefficient might thus be caused by a dilution 
of the medium passively drawn through the root by a sieving of the solution 
probably at the root surface. The addition of a transpiration-stimulated bleed- 
ing to the mass flow might give high influx coefficients in diluted media. This 
addition will also occur in high external concentrations, but it will then be 
quantitatively negligible in comparision to pure mass flow. The interpre- 
tations are, especially when a low medium concentration (0.25 mM SO,) 
is used, necessarily of a preliminary nature. 


Summary 


The uptake of sulphate from a complete nutrient solution labelled with 
S35 by 12-day-old sunflower plants has been measured. 

a) During the first few minutes a rapid initial uptake by the roots took 
place which has been interpreted as diffusion and mass flow into an apparent 
free space. During the following hours a slow. uptake occurred at a constant 
rate in both roots and shoots. 

b) The retention of ions in the roots was independent of the transpiration 
intensity. The transport to the shoot could be represented by the line 
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y=kx-+I, were y=amount sulphate transported to the shoot and x=water 
transpired. A direct connection between ion and water transport could thus 


be demonstrated. 

c) At different medium concentrations (0.25, 0.5, 5, and 50 mM SO,) the 
value of k in the above-mentioned equation varied. The ratio k/medium 
concentration gives the influx coefficient, which is an expression for the 
concentration in the transpiration stream of the water linked component (kz) 
of the ions translocated to the shoot. The values of the influx coefficient 
varied between 0.54 and 0.11, the higher values being obtained at low external 
concentration. 

The possibilities of the action of active and passive ion transport mecha- 
nisms in these experiments and some new papers treating these problems are 
discussed. 


The author wishes to express his gratitude to Dr. B. Hylmö for his never-failing interest, 
discussions and encouragement during the experiments and to professor H. Burström for 
valuable advice during the preparation of this paper. Thanks are also due to Mrs. M. 
Pettersson for performing the analytical work. The work has been supported by a grant 
from the Swedish Natural Science Research Council. 
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Introduction 


The present paper forms part of a series of investigations on the active and 
passive uptake of sulphate into green tissues. They were initiated as a con- 
sequence of a postulate by Kylin and Hylmö (1957) that uptake within the 
shoots should follow the same general scheme as within the roots and of a 
remark made by Burström (1957) that as a consequence of the theory of 
salt respiration one should expect active ion accumulation to be inhibited in 
illuminated leaves, although the experimental evidence at hand did not point 
in this direction. As for the latter discrepancy, it has already been shown 
(Kylin 1960) that it is due to double systems for the energy delivery to salt 
uptake in green tissues, the mechanisms active in darkness being, as a matter 
of fact, inhibited by light but at the same time more or less compensated for 
by processes dependent upon light absorption of the chloroplasts. In the 
present paper evidence will be presented that these two systems leading to 
ion accumulation behave differently towards changes in the osmotie value 
of the external solution, and in connection with this some points of theoretic 
and ecologic interest will be discussed. 


The following abbreviations will be used: CMB=p-chloromercuribenzoate, 
DNP=2,4-dinitrophenol. 
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uM/g 
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Figure 1. Effect of prolonged washing upon total radio-sulphur con- 
tents of Crassula leaf pieces with 0.3 M mannitol in the nutrient 
solution. Uptake period 4 hours, washing time as indicated. Ordi- 
nate: uM/g initial fresh weight. Empty symbols: light. Filled symbols: 
darkness. 


Materials and Methods 


The investigations were performed mainly with Crassula argentea, but survey 
experiments have been made also with the moss Thuidium tamariscinum, with 
Vallisneria gigantea, and with the Eroica wheat variety. The same treatment of the 
plants and the same experimental methods as extensively discussed in an earlier 
paper (Kylin 1960) were used — i.e., complete nutrient solutions containing 0.5 mM 
sulphate in the cases of Crassula and wheat, 0.05 mM for the other two species 
were applied throughout, with the self-evident change that a suitable amount 
of an osmotic agent was added during the experiments and washings. For this 
purpose mannitol was chosen, since it does not take part in general metabolism. 
No effects on the general permeability, which could invalidate the results, were 
noted,since leakage during prolonged washings was insignificant (Figure 1). — It 
should be pointed out that the effects observed are probably dependent upon the time 
spent in a certain mannitol concentration (cf. Sol 1958, Figure 10) and that in the 
experiments to be accounted for here radio-sulphate uptake and mannitol treatment 
started at the same time, i.e., the degree of water saturation varies in a standard way 
during the experiment. 

As for the determination of the conditions for plasmolysis of Crassula leaves 
(Figure 3), they were performed according to the following method. The margins 
of the leaves were cut away, and from the longitudinal strip thus obtained transverse 
sections about 3 mm. thick were made with the same tool as used for preparing the 
material for studies of sulphate uptake (Kylin 1960). The blocks of tissue thus 
obtained measured about 8.5 mm. in length (corresponding to the width of the ori- 
ginal longitudinal strip); they were washed and pretreated in the way used through- 
out the investigations. Each determination was made on a lot of ten pieces, the 
lengths of which were measured with the aid of a preparation microscope before 
and after a treatment of 4 hours with the solution and the light conditions stated. 
— Direct microscopic determinations of the plasmolysis of individual cells could 
not be made, since it was impossible to cut slices thin enough for such observations 
without causing general wound disorganization. 


Experiments 


As shown by Figure 2 the effect of increasing concentrations of mannitol 
on sulphate accumulation in Crassula leaves are exactly the opposite in light 
and in darkness. The uptake in light is strongly enhanced and the uptake in 
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Figure 2. Influence of the osmotic conditions upon the uptake of sulphate to leaf pieces of 
Crassula. Abscissa: M mannitol in the external solution. Ordinate: total sulphate uptake in 
uM/g initial fresh weight and hour. Empty symbols: light. Filled symbols: darkness. 


darkness is inhibited. This differential mode of action seems to set in at 
about the same concentrations of mannitol that cause plasmolysis (Figure 3; 
cf. Kylin 1960, table 5, which indicates a concentration of soluble sap constit- 
uents corresponding to about 0.15 M mannitol); at lower concentrations there 
may sometimes be a stimulation of dark uptake, but on the whole the effects 
in this range are small both in light and in darkness. 


% CHANGE IN LENGTH uM/g INIT. frw.:h t uM/g INIT. frw.+h ! 
l 
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Figure 3 (left). Changes in length of leaf pieces of Crassula upon treatment with different 
mannitol solutions. Abscissa: M mannitol in the external solution. Ordinate: per cent 
change in length of the leaf pieces. Empty symbols: light. Filled symbols: darkness. 


Figure 4 (middle). Influence of the osmotic conditions upon the uptake of sulphate to 
Thuidium. Abscissa: M mannitol in the external solution. Ordinate: total sulphate uptake 
in uM/g initial fresh weight and hour. Empty symbols: light. Filled symbols: darkness. 


Figure 5 (right). Influence of the osmotic conditions upon the uptake of sulphate to leaf 

pieces of Vallisneria and wheat. Mannitol concentrations as indicated. Ordinate: sulphate 

uptake to inorganic § fraction in uM/g fresh weight and hour. Empty symbols: light. Filled 
symbols: darkness. 
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The survey experiments with other plant materials indicate that for 
Thuidium (Figure 4) the uptake in light is not at all or only slightly inhibited 
in concentrations of mannitol giving a strong inhibition in darkness. The 
general sense of the effects is thus the same as for Crassula, although there 
is no stimulation in illuminated pieces of the moss. — In the concentration 
tested, the differential action of increased osmotic values is not observed in 
wheat and seems to have the reverse sign in Vallisneria (Figure 5), where the 
dark uptake of sulphate was slightly stimulated and the light process some- 
what inhibited. It should be noted that the tissues were turgescent at the end 
of the experiments in both cases. For Vallisneria the findings are in accordance 
with those reported by Sol (1958) for the influence of sucrose during the first 
hours of chloride accumulation in V. spiralis in light. 


In the case of Vallisneria and wheat a fractionation of sulphate taken up was 
carried through, and the values given refer directly to the inorganic fraction of the 
leaf pieces. With the other two materials the values given are for total sulphur, the 
organic fraction being less than 10 per cent of the total in Crassula (Kylin 1960, 
and values to be published). The general course of the curves is not influenced by 
this. — The fact that for Vallisneria and wheat the uptake values had to be com- 
puted with reference to the final fresh weight instead of the initial one shold be of 
no importance as long as a differential action of the osmotic pressure is concerned, 
but it makes comparisons between the absolute amounts of uptake at 0 and 0.3 M 
mannitol somewhat uncertain. 

The effects described must obviously be due to the regulating influence of 
the osmotic conditions on the hydration state of the cytoplasm and its consti- 
tuents. In order to define the consequences of this regulation more closely a 
series of experiments were carried out with Crassula in 0.3 M mannitol 
solutions — chosen since they usually show a marked increase of uptake in 
light without exerting too great an inhibition in darkness — studying the 
effect of some of the inhibitors used also in the work on the different nature 
of the light and dark types of sulphate uptake (Kylin 1960). The results of 
a number of these experiments are given in Figure 6. The per cent stimul- 
ations or inhibitions are more or less different, but the qualitative influence 
of the chemicals in all cases the same as before. DNP, KCN, and NaN, thus 
act differently on the light and dark uptakes, whereas the competitive inhi- 
bitor selenate and the sulfhydryl agent CMB have the same influence irrespect- 
ive of the illumination conditions. Arsenite, finally, is active only at rather 


high concentrations. 


Discussion 


Statements on the influence of osmotic conditions upon ion uptake often 
seem to be at variance with each other (cf. Kramer 1956, Stocker 1956), 
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Figure 6. The effects of different inhibitors on the uptake of sulphate to leaf pieces of 

Crassula in 0.3 M mannitol solutions. Empty symbols: light. Filled symbols: darkness. 

Left ordinate/columns: sulphate uptake of control in uM/g initial fresh weight and hour. 

Right ordinate/circles: per cent of control uptake. Abscissa/circles: concentration of 
inhibitor in M. Total S determinations. 


although Brouwer (1954) noticed that water uptake by intact roots of Vicia 
faba can be depressed by an external osmotic pressure without inhibition of 
the uptake of anions. On the other hand, both photosynthesis and assimila- 
tion — which deliver the energy necessary for salt accumulation — appear 
to be influenced in the same general way, so that at water saturation and 
high water deficits their output is lower than at some optimal water condition 
(Mothes 1956, Stocker 1956); at the same time such optimal water conditions 
may vary with the kind of tissue within a given object, as was demonstrated 
by M. and R. Bouillenne-Walrand (1926), or influences may be noted due 
to the osmotic agent used (Takaoki 1957). The external osmotic conditions 
can also affect the activity of different enzyme systems (Mothes 1956), and 
the same enzyme system can be differently affected in species of different 
ecologic amplitudes (Baxter and Gibbons 1954, Takaoki 1957). The regulating 
mechanism behind these effects must reasonably be the hydration state of 
the cytoplasm and its constituents. 

From a qualitative point of view the evidence presented her is in 
accordance with that found in the literature, The changes of sulphate uptake 
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with external mannitol concentration (Figures 2, 4) coincide in a general way 
with the optimum curves describing the influence of water deficit upon 
respiration and photosynthesis. At the same time the quantitative differences 
between the light and dark uptakes and their different osmotic optima lead 
to the conclusion that there are different structural elements within the cyto- 
plasm behind sulphate accumulation in illuminated and non-illuminated green 
tissues, Since it has been shown that the delivery of energy for the uptake 
of this ion is connected witn both photosynthesis and respiration (Kylin 
1960) and since the chemical mechanisms corresponding to these functions 
are known to be localized in chloroplasts and mitochondria respectively (cf. 
Arnon 1956), these two types of plasmatic structures are probably the ones 
involved. The possibility that the influence of these particles should mainly 
be an indirect one and exerted via a differential action on the permeability 
of the protoplasmic membranes — mediated, for instance, by different prod- 
uctions of high energy phosphates — seems excluded by the results of pro- 
longed washing periods (Figure 1 and Kylin 1960), as well as by the demon- 
stration of Brouwer (1954) that anion and water uptakes behave differently 
towards changes in the external osmotic conditions. — It is pertinent to notein 
this connection that mitochondria from green tissues have been isolated, for 
instance, by Smillie (1956). 

The differences noted between different species (Figures 2, 4, 5) are within 
the range which may be expected according to the literature cited above. 
It is perhaps significant that leaves of the succulent Crassula, in the natural 
habitats of which the water conditions may be rather adverse, show such a 
strong stimulation of sulphate uptake in the light at high osmotic pressures; 
a substantially increased ion uptake in dayume under drought conditions 
should obviously have survival value for.such a species, because the increased 
suction force of the cell sap would tend to diminish water losses during the 
period of highest transpiration. — For tidal zone algae an increased ion 
accumulation under dehydration was noted by Blinks (1951) in Valonia but 
not by Bergquist (1958) in Hormosira. 

As for the work with different inhibitors (Figure 6), it corroborates the 
results on the different natures and general characteristics of the light and 
dark mechanisms for sulphate uptake (Kylin 1960). The osmotic pressure has 
thus no main influence on the individuality of these two systems, which is 
to be expected also in view of the structural relationships discussed above. 


Summary 


In leaves of Crassula increasing concentrations of an osmotic agent (range 
investigated: 0—0.8 M mannitol) increase the type of active sulphate uptake 
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related to illumination, whereas the accumulation in darkness is diminished. 
Also in Thuidium and Vallisneria different actions of a given osmotic pressure 
can be noted in light and darkness, whereas in wheat no differential response 
could be detected (only one concentration tried). It is concluded that the 
light and dark uptakes of sulphate are related to different structural units 
within the cytoplasm and these units are identified with chloroplasts and 
mitochondria. — The possible ecologie significance of the findings with 
Crassula is pointed out. — Work with inhibitors corroborates earlier con- 
clusions on the different natures of the uptakes of sulphate in illuminated 
and non-illuminated green tissues. 


The author wishes to express his sincere gratitude to all who have helped and 
taken interest in his investigations. Grants from the University of Lund and from 
the Lund Botanical Society are gratefully acknowledged. 
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Introduction 


Light has at least a twofold effect on chlorophyll formation. Firstly, it 
acts upon the formation of the precursor to chlorophyll a, namely the proto- 
chlorophyll. Preliminary action spectra for this process reveal that the action 
is in some way coupled to the reversible red- far red absorbing system (15, 
17, 14). Secondly, the light transforms the percursor protochlorophyll into 
chlorophyll a. The action spectrum for this process reveals that it is the light 
absorbed by the protochlorophyll itself which is active in the process (4). 

The transformation of protochlorophyll into chlorophyll a involves both 
photochemical reactions and processes of enzymatic nature. (16, 2, 6). These 
last processes, among which the phytolization of chlorophyllide a to chloro- 
phyll a plays an important role, are slow reactions which in e.g. etiolated 
leaves of Phaseolus require about an hour to be completed (16). 

In the present study the pigment transformations in wheat leaves have 
been followed, and it is shown that the pigment synthesis in green leaves 
follows the same pattern as in etiolated leaves. 


Material and Methods 


Plant material. The plant material used consisted of etiolated dark grown and 
normal, green seedlings of wheat (Weibull’s orig. Eroica II”), cultivated according 
to Virgin (3). 
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Pigment separation and determination. The different pigments were separated by 
paper chromatography and afterwards determined spectrofluorimetrically. 

For the separation of chloroplast pigments by means of paper chromatography 
different solvent mixtures have been recommended (5). Mostly petroleum ether and 
acetone are the main constituents. Methanol or ethanol are often added in order 
to increase the movement of the chlorophylls in respect to xanthophylls. Little 
information can be found in the literature concerning paper chromatographic 
separation of protochlorophyll and protochlorophyllide. Lôffler (7) isolated proto- 
chlorophyll on paper using a mixture of petroleum ether, ether and ethanol. Wolff 
and Price (16) tried several mixtures among which petroleum ether—acetone, white 
gasoline—petroleum ether—acetone and toluene—ethanol seemed to serve the 
purpose well. For the present study it was important to find a mixture by means 
of which all protochlorophyll and protochlorophyllide could be distinctly separated 
from the other fluorescent pigments, i.e. chlorophyll a and b and their pheophytins 
and other derivatives. Although no quite suitable mixture was found giving a distinct 
separation of protochlorophyll, protochlorophyllide and chlorophyllide, a mixture 
of acetone and petroleum ether (85:15) gave a fairly good separation of the other 
pigments. In pure petroleum ether (b.p. 40—60°C.) no migration of the pigments 
will take place. In pure acetone all pigments will follow the front of the solvent. 
By using a mixture of the above mentioned proportions a condition was obtained, 
whereby all protochlorophyll and protochlorophyllide and other chlorophyllides 
remained at the original spot, while the phytolized pigments moved so that clear 
nonfluorescent zones appeared between the single components. At this separation 
the xantophylls and carotenes moved very close to the front. They did not interfere 
with the fluorescence measurements. 

For the pigment preparation the following method was employed: 100 mg. of 
leaves were ground in a glass mortar together with small amounts of silica sand and 
one ml. of acetone containing traces of sodium bicarbonate. This was done in dim 
green safe light. The slurry, thus obtained, was allowed to settle for about a minute. 
The clear solution was then transferred to a small glass tube with stopper and stored 
at low temperature (—26°C.) until analyzed. For the chromatographic separation 
0.01 ml. of this solution was applied on a spot, 0.5 by 2 cm., three centimeters from 
the end of a paper strip, 18 by 2.5 cm. in size (Whatman no. 1.). After drying in a 
desiccator over sulphuric acid, the chromatogram was developed by ascending 


Figure 1. Fluorescence- 
spectrum curves for 
protochlorophyll, chlo- 
rophyll a, and chloro- 
phyll b, as obtained 
with the apparatus 
used. The curves are 
compared with those 
/ N a ; given by French et al. 
as 700 : (1) (dotted lines). 
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Figure 2. Fluorescence of chlorophyll a at vary- 
ing concentrations. Fluorescence measured at 
669 mu. A, sensitivity of the apparatus 6.3 times 
greater than for B. 


FLUORESCENCE 


OF 01,02 030204. 05 mall 


chromatography using the above mentioned mixture of petroleum ether and acetone 
as solvent. The front was allowed to move about 110 mm. from the original spot. 
After the end of the development the paper was stored in a desiccator in a dark 
cold room until analyzed. 

For the fluorescence analysis, the paper was cut into pieces, 8 mm. in length. Two 
and two of these were eluated in a 10 mm. Beckman cell with 0.5 ml. of. acetone. 
The volume of the cell was diminished by inserting a brass rod, 9.5 by 8.5 by 50 
mm. In this way the eluate of 0.5 ml. got distributed over an area of about 25 by 
9.5 mm. with a depth of 1.5 mm., and its fluorescence could be determined. This 
was. performed with a Beckman DU spectrophotometer supplied with a fluorescence 
attachement and a spectral energy recording adapter. The spectrum was directly 
recorded by means of an automatic measuring bridge (Philips PR 2210 A/21). The 
spectra thus obtained have not been corrected for the selective response of the photo- 
cell to different wave lengths of the spectrum. The differences between found and 
correct values (French et al. 1) can be seen in Figure 1. As the fluorescence in this 
investigation is used for identification and quantitative determination of the pigments, 
the aberrations from the real shape of the spectrum do not play any significant role. 
From Figure 1 it can be seen that the positjon of the main peak is not affected to 
any greater degree except for the spectrum for protochlorophyll where a shift of five 
my is noticeable. The broadness of the spectral bands will to a certain degree depend 
on the slit width used. Within the concentration range used, the fluorescence varied 
strictly linearly to the concentration of the solution (Figure 2). 

As exciting light the mercury line 436 my was used, isolated by means of Corning 
filters no. 3389, 5113, and 4305 from a high pressure, water cooled Hg-lamp (Philips 
S.P. 500; directed radiation). The light was focused on the sample by means of a 
condensor system. 

The photocell was screened behind a red filter (Chance, OR 2) with a sharp cut 
at about 600 mu. The effectiveness of the filtering system was checked by means 
of the insertion of MgO in place of the sample. No light-emission within the wave 
length range 600—700 mp could then be detected. 

The response of the apparatus could be checked by measuring the fluorescence 
output from an uranium glass at standard wave lengths. Corrections in sensivity 
were frequently made during the measurements. The stability of the light source 
was fairly high, however, and only small corrections were necessary. The changes 
in fluorescence, due to fluctuations of the intensity of the exciting light never 
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exceeded 5 °/o. For most of the measurements a slit width of 0.4 mm. was used. This 
corresponds to a half-intensity band width of 12 my at 600 mu and of 20 my at 700 mu. 

Light for irradiation. The light source for irradiation of the leaves was ordinary 
filament lamps with the infrared radiation filtered off by means of heat absorbing 
filters. The light intensity used was 5000 meter candles. 


Results and discussion 


1. Pigment changes in etiolated, dark grown leaves after a short irradiation 


In old etiolated, dark grown leaves two different forms of protochlorophyll 
are present. Of these only one is transformed into chlorophyll a in light 
(3, 10, 12,8). 

In living material their absorption maxima are located at 650 mu (the 
active form) and 636 muy (the inactive form) (8). Extracts of the two pigments 
both show the same absorption and fluorescence data. This implies that the 
differences between the two forms might more be due to differences in the 
holochromes than in the pigments themselves. (For the definition of the term 
“holochrome”, see Smith and Kupka, 11). 

Löffler (7) showed that the protochlorophyll in etiolated leaves exists 
both as protochlorophyll and as protochlorophyllide and that both of these 
pigments will be transformed at irradiation into chlorophyll a and chloro- 
phyllide a, respectively. According to Smith (9) about 20 %o of the proto- 
chlorophyll is phytylated in an etiolated bean leaf. Wolff and Price (16) 
demonstrated that in etiolated leaves of Phaseolus and some other plants 
changes in pigment solubility during darkness after a period of irradiation 
indicated that “magnesium vinyl pheoporphyrin a, (‘protochlorophyllide’) 
is first reduced photochemically to chlorophyllide a, and the latter is then 
enzymatically esterified with phytol, in the dark, to form chlorophyll a”. 
Also paper chromatograms gave evidence for such changes. According to 
Wolff and Price (16) practically all light-conversion products initially con- 
sist of chlorophyllide a, which gradually becomes phytolized to form chloro- 
phyll a. 

A fluorescence analysis of chromatograms, according to the method 
described above, of acetone extracts of pigments from leaves of wheat which 
have not been irradiated, reveal two distinctly separated spots, the eluates 
of which show fluorescence maxima at 627 and 630 mu, respectively (Figure 
3). On chromatograms, made on extracts from leaves which have been 
irradiated, the 627 mu-form i ; : 
the same time a spot “rs AR RES A ee | 
at the place for the original spot. The fact that t 1 a 
can also be distinguished in paper chrom Se UT ae ie CR al TU 

atograms of organic-solvent extracts 
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Figure 3. Fluorescence spectra of 
eluates from 16 mm. long pieces 
of paper chromatograms made 
of extracts of etiolated, dark 
grown leaves of wheat. “0—0”, 
non-irradiated leaves. “1—0”, 


leaves irradiated for one minute 
(5000 m.c., white, incandescent 
light). “1—3”, leaves irradiated 
for one minute, followed by a 
period in darkness of three mi- 
nutes and so on. Distance from 
lower side of original spot to 
the front of the paper 112 mm. 
The dotted lines denote the place 
for the main peaks of the fluor- 
escence spectra of protochloro- 
phyll and chlorophyll a (629 and 
669 u, respectively). 1) the values 
should be multiplied by a fac- 
tor of 1.5. 


of the pigments shows that it is here not only a question of a difference in the 
composition of the two holochromes, but that also differences exist in the 
composition of the pigment molecules themselves. It should be pointed out, 
however, that the 630 mu-form sometimes has its peak shifted some milli- 
microns towards shorter wave lengths. It can therefore not be excluded that 
the fluorescence spectra of the two pigments in reality have the same maxi- 
mum. From the place on the chromatogram one would expect the 630 mu- 
form to be more lipophilic than the other and thus probably be protochloro- 
phyll, while the other should be protochlorophyllide according to Löffler (7). 
The fact that the 630 mu-form does not transform in light shows, however, 
that this can not be the only difference between the two forms. As at the 
extraction of the pigment with organic solvents — in this case acetone-— the 
holochrome will become destroyed, and the pigment molecule will be freed 
from the attached protein, one can expect the 630 mu-form to be the proto- 
chlorophyll present in the inactive 636 mu-form according to Shibata (8). 
It is also possible that it contains that protochlorophyll which, according to 
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Löffler (7), will transform into chlorophyll a at irradiation. As it can be seen 
from the Figure 3 that the difference in concentration of the spot of the 630 
mu-form before and after irradiation is small, the conclusion can be drawn 
that most of the “active protochlorophyll” can be found at the place for the 
original spot, and that this consists of mainly protochlorophyllide. This is 
also in agreement with the findings of Wolff and Price (16). This proto- 
chlorophyllide transforms completely to chlorophyllide a which will remain 
at the same spot of the paper as its precursor protochlorophyllide. 

After these first changes, one can see that the fluorescence yield of the 
first 16 mm. of the paper slowly diminishes at the same time as the fluor- 
escence of the fifth and sixth part of the paper steadily increases. It is to be 
observed that the above mentioned fraction of protochlorophyll (with 
fluorescence maximum at 630 mu) located to the third part of the paper 
does not undergo any appreciable changes during the first hour in darkness. 
Later on it slowly disappears. After about 30 minutes in darkness new proto- 
chlorophyll (protochlorophyllide) is formed, demonstrable through the 
appearance of a peak at 627 my on the first part of the paper. Later on this 
peak will again dominate the first part of the paper. If, by longer stay in 
darkness, also the 630 mu-form will increase has not been investigated. 


2. Pigment changes during constant irradiation 


A similar fluorescence analysis of chromatograms of pigment extracts 
from leaves under constant irradiation is presented in Figure 4. During the 
first few minutes the general appearance and distribution of the different 
kinds of pigments is the same as that in darkness shown in Figure 3. 
After longer periods of irradiation, however, differences become evident. 
The most obvious difference is that no protochlorophyll will assemble at 
the first spot of the chromatogram. This shows that the first chlorophyllide 
a formed does not mask any substance with a fluorescence maximum similar 
to that of protochlorophyll derivatives. Also the chlorophyllide a (correspond- 
ing to substance B in Figure 4, Wolff and Price 16), will gradually disappear 
from the first spot of the chromatogram. 

In the fluorescence analysis presented in Figure 4 one can find again the 
substance at the third part of the paper with fluorescence maximum at about 
630 mp. According to the prior discussion this substance should correspond 
to the inactive protochlorophyll, studied by Shibata (8). If the fate of this 
substance is followed during constant irradiation, one can also here notice that 
it slowly disappears, as was case in darkness after a short light impulse. The 
disappearance is more or less timed with the appearance of chloro * ll b 
The first signs of chlorophyll b — or of a substance with a NC are ee 
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Figure 4. Fluorescence spectra 
of eluates from paper chromato- 
grams made of extracts from 
etiolated, dark grown leaves of 
wheat after varying periods of 
constant irradiation (5000 m.c., 
white, incandescent light.) Time 
of irradiation is denoted to the 
left of the chromatograms. The 
dotted lines denote the places 
for the main peaks of the fluor- 
escence spectra for protochloro- 
phyll, chlorophyll b and chloro- 
phyll a (629, 653, and 669 mu, 
respectively). 
1) the values should be multi- 
plied by a factor of 1.5 
2) the values should be multi- 
plied by a factor of 3.5 
3) the values should be multi- 
plied by a factor of 6. 


mum as that of chlorophyll b — is seen after about one hour of irradiation; 
it becomes clearly distinct after one and a half hour. At this time nothing is 
left of the 630 mu-form. The place for chlorophyll b in the chromatogram 
speaks in favour of a phytolized molecule. It has not been possible chromato- 
graphically to distinct any spot of the paper which should point towards the 
existence of a chlorophyllide b. 


3. Pigment changes in normal, green leaves after a short irradiation 


In Figure 5 the fluorescence spectra of eluates from the first part of 
chromatograms made on acetone extracts of differently treated normal, green 
leaves are presented. Extracts, directly made from leaves grown in light 
(A) show a fluorescence like that of a mixture of protochlorophyll and 
chlorophyll a. According to Figure 3, this should mean that a certain amount 
of protochlorophyllide as well as chlorophyllide a exist in normal green leaves 
in light. If that is the case the pigments seem to be “inactive”, however, i.e. 
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WAVE LENGTH 


FLUORESCENCE 


Figure 5. Representative spectra (original records) of eluates from the first 16 millimeters 
of chromatograms made of extracts of normal, green foliage leaves of wheat (one weak 
old, 10 centimeters in length). A, Continuous light. B, Darkness for 5 hours. C, Darkness 
for 5 hours+light for 5 minutes. D, As C, but plus another hour in darkness. In this figure 
the wave length scale is not linear. The place for the main peaks of protochlorophyll and 
chlorophyll a (629 and 669 mu, respectively), are denoted along the abscissa. 


the protochlorophyllide does not get transformed in light and the chloro- 
phyllide a does not get phytolized. 

When the leaves have been in darkness for six hours (B) new protochloro- 
phyll, probably protochlorophyllide, has been formed. If the leaves are irra- 
diated for five minutes after this period in darkness (C), this fluorescence of 
protochlorophyllide decreases and the fluorescence like that of chlorophyll a 
increases instead. According to the findings reported in Figure 3, this chloro- 
phyll-a-like fluorescence should then be caused by chlorophyllide a as a 
result of the transformation: protochlorophyllide > chlorophyllide a. If the 
leaves are placed in darkness for another hour (D), the fluorescence of chloro- 
phyllide a decreases and becomes about the same as in case A. The explana- 
tion for the decrease is that the chlorophyllide a, present in (B), has become 
phytolized and has migrated away from the first spot of the chromatogram 
shown in Figure 5. This pigment.will now be found much higher up in the 
chromatogram (cf. Figure 3). 


The time in darkness has not been long enough for new protochlorophyllide 
to be formed. 


The same schedule in chlorophyll formation is thus followed irrespectively 
of whether the formation of chlorophyll a is at its start — in previously etio- 
lated, dark grown leaves — or whether the chlorophyll content has reached 


its maximal value, viz., when “the process of greening” has become com- 
pleted. 


Physiol. Plant., 13, 1960 


PIGMENT TRANSFORMATIONS IN WHEAT LEAVES 163 


Summary 


It has been shown that the dark steps in chlorophyll synthesis in wheat 
leaves following irradiation are completed in about one hour at 22°C. The 
most evident change is the phytolization of the chlorophyllide a according 
to Wolff and Price (16). 

The main part of the protochlorophyll present in darkness is probably | 
unphytolized and active in transformation, while a minor fraction, probably 
phytolized protochlorophyll remains unchanged after irradiation. It does, 
however, slowly disappear in darkness, but its further fate has not been 
elucidated. 

Pigment analysis of extracts from normal, green leaves, which have been 
kept in darkness for five hours and afterwards treated in the same way as 
the etiolated seedlings, reveal that the same kind of transformations also 
take place here. 

The conclusion is drawn that the same mechanism in chlorophyll forma- 
tion is working in both irradiated etiolated leaves and in normal ones, although 
the relative concentration of unphytolized and phytolized pigments may vary. 


This work was supported by a grant from the Swedish Natural Science Research 
Council. 
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Introduction 


When isolated pea stem sections bearing a single bud are cultured in light, 
the growth of the bud is inhibited by auxin and the inhibition can be 
quantitatively released by kinetin (11, 12). These findings raise two groups 
of problems, both of which bear closely on the mechanism of apical domi- 
nance. The first deals with the interrelations between the auxin and the 
kinetin, as well as their entry into the bud tissue; the second group concerns 
the material and metabolic changes that occur in the sections, in relation to 
bud growth or its inhibition. A study of the auxin-kinetin relations will be 
presented in a subsequent paper, while the present communication describes 
some experiments on the second group, namely changes in the protein and 
aminoacid content of the node, internode and bud. It will be shown, inter 
alia, that treatment with kinetin markedly promotes the synthesis of protein 


in the bud. 


Materials and Methods 


From seedlings of Alaska peas, grown for 7 to 8 days in the dark (with occasional 
weak red light) at 24° C and 80 °/o humidity, sections containing the second node 
with the internode below, in all 35 mm. in length, were cut off. Ten such sections 
were placed in a 10 cm. petri dish containing ten ml. of 1 °/o sucrose with or with- 
out IAA 1 p.p.m. (5 p.p.m. in Figure 5), kinetin 4 p.p.m., or both JAA and kinetin. 
In this shallow layer of medium the sections break surface and are thus well 
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aerated. The dishes were placed in continuous light at 22° C and duplicate samples 
were taken from time to time for the measurement of bud length, fresh and dry 
weight and for analysis. The 20 sections, from duplicate petri dishes having 10 
sections each, were sampled by dissecting them into three parts: (1) the bud with 
the scale leaf in whose axil it arises, (2) the node region, from just below the base 
of the bud up to the cut surface, 5 mm. in length, and (3) the internode, 30 mm. 
long. For the nitrogen analysis, composite samples from 20 sections were used in 
the case of the bud and scale leaf, and of the node, while the internode was analyzed 
in duplicate samples comprising 10 internodes each. The samples were stored in a 
deep-freeze prior to analysis. For the dry weight determinations the samples were 
dried at 80° C for 24 hours and weighed. The 20 sections had total fresh and dry 
weights of 2.201 and 0.132 grams respectively. 

In some experiments it was desired to apply the kinetin locally in the bud region. 
For this purpose the sections were inverted in 10 ml. beakers with the bud end 
dipping into 1.5 ml. of 1°/o sucrose, or sucrose +4 p.p.m. kinetin, in the dark for 
24 hours, the depth of immersion not quite reaching the base of the bud; thereafter 
they were transferred to 1 °/o sucrose solution in light. 


The protein and soluble nitrogen were extracted by the method used previously 
with potato slices (10); the tissue was ground with 10 ml. of cold 10 °/o trichloracetic 
acid at 4° C to precipitate the protein, centrifuged at 2000 g for 30 minutes, the 
supernatant decanted and the precipitate washed with 5 ml. of 10°/o TCA and again 
centrifuged. The combined supernatant and washings were analyzed for soluble 
nitrogen. To the protein precipitate 5 ml. of 5°/o TCA was added and it was then 
incubated for 30 minutes at 80° C to remove the nucleic acids. The precipitate now 
obtained after centrifugation was analyzed for protein and the supernatant discarded. 

The soluble and protein nitrogen were estimated by the standard microjeldahl 
method with selenium catalyst as described earlier (10). 

Carboxyl-labeled C14 L-leucine ! having specific activity of 3.6X 106 counts per 
minute per ml. of solution was diluted with cold L-leucine to give a 0.002 M solution 
with a specific activity of 36,000 cpm/ml. To 1 ml. of this, 9 ml. of sucrose was 
added to make the final medium 1 °/o sucrose and 3600 cpm/ml. For the measurement 
of radioactivity, the samples were dissected out as described earlier into (i) bud and 
scale leaf, (ii) node region, and (iii) internode. Ten of (i), five of (ii) and one of (iii) 
were used for a sample. In order that the activity in the internode could be com- 
pared with that in the much smaller pode and bud, the total amounts of material 
needed to be about the same so that self-absorption would not be too different. By 
weight one 30 mm. internode is equal to five 5 mm. nodes. The one internode was 
therefore made into a representative sample by dividing the 30 mm. internode of 
each section into five 6 mm. sections and taking one such section, coming from 
different positions of the internode, from each of five internodes. Thus a composite 
sample from five internodes representing all five different parts of the internode, but 
totalling only 30 mm. length, was obtained. Since 2 dishes of sections were used 
for each solution, the radioactivity was counted on quadruplicate samples of the 
node and internode and duplicates of the bud and scale leaf. The samples were dried 
at 80° C for 3—4 hours and then homogenized and evenly spread on the planchet 
for counting. All counts were corrected for background. 


* Obtained through the courtesy of Dr. Mary L. Stephenson of Harvard Medical School. 
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Results 


1. Length and dry weight of buds 


IN MG. 


IN 


Figure 1. Length (A) and dry 
weight (B) of buds on iso- 
lated 35 mm. pea stem sec- 
tions in the light at 22°C. 
Solutions: sucrose (S) 1%, 
indole-acetic acid (IAA) 1 mg. 
per liter, kinetin (K) 4 mg. per 
liter. 
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Figure 1 A, which may be compared with Figure 4 of the preceding paper 
(Wickson and Thimann 1958), shows the elongation of the buds in a typical 
experiment. Indoleacetic acid at 1 p.p.m. is not quite enough to produce 
complete inhibition but the elongation in 7 days averages only 2.0 mm. as 
against 11.4 mm. in the controls. Kinetin at 4 p.p.m. reinstates the growth 
almost completely. (In the similar experiment of Figure 2 it will be seen that 
the bud fresh weight in kinetin plus IAA is even some 25 °/o higher than the 
control.) However, Figure 1 B shows the unexpected fact that the dry weights 
of the buds do not parallel the lengths; the reversal of inhibition by kinetin 
is much less complete in weight than in length. This phenomenon has been 
observed several times in the current work. In another experiment the 
corresponding data after 8 days were: controls 12.1 mm. long and 22.0 mg. 
dry weight; IAA plus kinetin 11.5 mm. long and 15.0 mg. dry weight. Thus 
the control buds average 2.0 mg. per mm. length while those in IAA plus 
kinetin average only 1.3 mg. per mm. The explanation of this decreased dry 
weight is obscure but it has an important bearing on the nitrogen determi- 


nations to be presented. 


2. Changes in the soluble and protein nitrogen 


Table 1 presents the data of a complete experiment in which samples were 
taken for analysis at 0, 2, 3, 5 and 7 days. The nitrogen values are in mg. N 


per 20 segments. 
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Table 1. Soluble and protein nitrogen in isolated 35 mm. pea stem sections during 7 days’ 
culture in continuous light at 20°, sucrose 1°/o, IAA 1 mg. per liter, kinetin 4 mg. per liter. 
AU data are mg. nitrogen per 20 sections. Pr.=Protein—N, Sol.=Soluble N. 


Initial 2 days 3 days 5 days 7 days 
Organ : 
Pr. | Sol. | Pr. | Sol | Pr. | Sol. | Pr. | Sol. | Pr. | Sol. 
Controls 
Bud ‘and Seale ..| —.}..-=».[.0-16.|.0.16 |.0.31 | 020 | 0.59)|,0,40,) 0529700 
he, Soe, eae — | — | 0.43 | 1.41 | (0.36)| 1.29 | 0.45 | 0.63 | 0.54 | 0.64 
Internode ....... — | — | 1.50 | 4.43 | 1.65 | 4.35 | 1.65 | 4.35 | 1.78 | 4.06 
Total | — | — | 2.09 | 6.00 | 2.32 | 5.84-| 2.69 | 5.38 | 2.84 | 5.32 
In IAA 
Bud and Scale ..| 0.14 | 0.13 | 0.15 | 0.17 | 0.18 | 0.18 | 0.251] 0.21 | 0.58 | 0.39 
NOdel..... ee 0.40 | 1.48 | 0.53 | 1.24 | 0.60 | — | 0.64 | 0.95 | 0.59 | 0.69 
Internode ....... 1.20 | 5.61 |. 129 | 5.07 | — | 495 | 1.76 ].3.94 | 158 | 4.11 
Total | 1.74 | 7.22 | 1.97 | 6.48 | = | — | 265} 5.10.| 275 | 5.19 
In IAA plus kinetin 
Bud and Scale ..| — | — | 0.17 | 0.17 | 0.31 | 0.19 | 0.73 | 0.32 | 0.77 | 0.75 
No aa — | — | 0.54! 1.42 | 0.61 | 1.08 | 0.78 | 0.97 | 0.60 | 0.78 
Internode ....... = EN igs} 639 1.951.407 1 2a 1 3.494 208 eee 
Total | — | — | 2.56 | 5.98 | 2.86 | 5.94 | 3.80 | 4.78 | 3.62 | 3.92 


1 “Breakaway” beginning. 


Comparing first the three different organs, it will be seen that the ratio 
Soluble N/Protein N is initially about 3: 1 in both node and internode but 1:1 
in the bud. The ratio remains about constant in the bud although the total 
amount of both forms of nitrogen increases roughly proportional to the 
growth. In the node, however, protein nitrogen increases and soluble nitrogen 
decreases till at 7 days the ratio approaches 1:1. In the internode there is a 
slight trend in this direction also. Comparing now the treatments, we see 
that the ratio, Soluble N/Protein N is not much affected except in the inter- 
node; here the ratio reaches 2 '/2: 1 in sucrose or in IAA, but in presence of 
kinetin the protein nitrogen rises rapidly, at the expense of the soluble 
nitrogen, till the ratio reaches 1:1. Thus kinetiri promotes protein synthesis 
in the internode. 

The same effect may be discerned from the totals; while the sections syn- 
thesize protein in all treatments those given kinetin do so most rapidly and 
extensively. By the fifth day the increase in total protein is: — 


in controls 0.95 mg. 


in IAA 0.91 mg. 
in IAA plus kinetin 2.06 mg. 


The influence of kinetin on the bud is best appreciated by comparing the 
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nitrogen content of the bud and scale with its fresh and dry weights, as can 
be done in Figure 2, where all four values are plotted side by side. As before, 
the growth of the bud is not fully paralleled by weight changes, though the 
inhibition by auxin alone, and the “breakaway” after 5 days, are as clearly 
shown in the weights as in the many plots of bud-lengths published earlier 
(12). But where kinetin is added, the nitrogen in the bud, particularly the 
protein nitrogen, increases rapidly and passes that of the control. Thus the 
protein per unit fresh weight, or per mm. length, is still more strongly 
increased by kinetin. 
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The changes in the node region are less simple. On the one hand the 
soluble nitrogen drops precipitously in all treatments, from 1.58 to an average 
of 0.70 mg. On the other hand the rise in protein nitrogen of the node is too 
small to account for this drop, and it is evident that nitrogen migrates out 
to the growing bud. Auxin apparently promotes protein synthesis somewhat, 
while kinetin not only does the same but also promotes the migration into 
the bud. 


3. Loss of nitrogen to the solution 


The data of Table 1 show a steady decrease in the total nitrogen of the 
sections with time; the 8.96 mg. initially present falls to an average of 8.17 
mg. at 5 days and of 7.88 mg. at 7 days. The decrease, though small, is much 
greater than the error of the determinations and similar decreases were 
found in other experiments. The solution in which the sections were kept 
was therefore examined, especially as Reinhold (8) has reported a major 
loss of nitrogen from Helianthus stem sections when held in solution, and a 
still greater loss when IAA was added. 

Table 2 shows the results of three experiments in which 20 pea stem 
segments, 10 mm. in length, were held in the dark for 18 hours in 3 ml. 
of water with and without IAA 1 mg. per 1. These conditions are similar to 
those of Reinhold’s experiments. They represent twice as much tissue per ml. 
of solution as in the experiments of Table 1. The nitrogen leakage is readily 
determinable and the average of the three experiments using Nessler’s solution 
agrees with the Kjeldahl nitrogen data of Experiment III. Evidently, then, 
there is a small loss of nitrogen from the sections under these conditions, and 
it is practically all ammonia. The loss is only increased some 15—20 Ve by 
IAA; this increase is much less than that shown for Helianthus. (The 
nitrogen contributed by the IAA itself is less than 0.12 ug. per ml.) The total 
nitrogen of 20 such 10 mm. pea stem sections being about 4.5 mg. (3), the 


Table 2. Release of ammonia (ug. per 1 ml.) by twenty 1 cm. pea stem segments in 3 ml. 
solution during 20 hours in the dark at 20° C. 


Te ————— 


Determinations In distilled water In IAA, 1 p.p.m. 
Ammonia Experiment I............... 14 27 
by Nessler, Experiment II ;........ ..... 14 17.5 
per ml. Experiment Torte eee 12 14 

; nm mn ee eee et 

Average amounts, in 3 ml................... 40 48.5 
Total N by Experiment I. ............... 37 
Kjeldahl er 
per 3 ml. 
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loss amounts to about 1 °/o of this total in 18 hours. Extrapolating to 7 days 


a loss of 10 °/o oi the total nitrogen would be expected and this is about what 
is observed. 


4. The influence of localized kinetin application 


In unpublished experiments on whole plants, it has been observed that the 
action of kinetin is quite restricted to the region of application. Local 
application produced only local tumors and did not release the inhi- 
bition of buds at 1 cm. or more away from the zone of application. 
The nitrogen changes resulting from localized application of kinetin were 
therefore thought worth studying. 


For this purpose the 35 mm. stem sections were inverted in the control or 
kinetin solution, as described under Materials and Methods; they were then 
rinsed and placed horizontally in the light as usual, but in sucrose alone. Soluble 
and protein nitrogen were determined after 3, 5, and 7 days, i.e. 2, 4, and 6 
days after removal from the kinetin. In these experiments IAA was not used. 
Table 3 shows the results. 


The initial values in each organ agree very satisfactorily with those in 
Table 1. The nitrogen changes in the bud are also like those in Table 1; both 
soluble and protein nitrogen increase, and kinetin promotes the increase of 
both, i.e. it promotes the migration of nitrogen into the bud tissue (which 
was in contact with the kinetin). In the node and internode, however, protein 
synthesis is seen only at the first sampling, and does not increase at all 
thereafter; in each case there is a decrease in the soluble nitrogen, apparently 
due to its migration into the bud. The contrast with the behavior of the 


Toble 3. Soluble and protein nitrogen in isolated 35 mm. pea stem sections during 7 days’ 
culture in continuous light at 20°. Kinetin applied to the apex only for the first 24 hours. 


Initial 3 days | 5 days | 7 days 
Organ I 

: Pr. | Sol. Pr. | Sol. | Pr. | Sol. Pr. | Sol. 

Controls: sucrose 
lea Rs. 0.12 1.0.11: | 0.32 | 0.22 | 0.62 | 0.36 | 0.65 | 0.37 
ee ee 0.36 | 1.29 | 0.47 | 1.0 0454 0.78 1 0.47 1 0.75 
Internode... .:...---- 1.32 | 4.93 | 1.88 | 4.81 1.82 | 4.70 = Ein 
Total 160 | 633 | 267 | 6.03 | 280.) 5.84 | = | — 

Sucrose plus kinetin 
0.77 | 0.44 | 0.78 | 0.60 
Bud and scale ........ 0.12 0.11 0.40 0.25 1 
Node; Eee | 0.36 | 1.29 | 0.49 | 0.95 | 0.44 | 0.88 = 0.67 
MICRO crues 23.32 4.93 1.85 = 1.75 4.48 1.88 4.48 
Total |-1.80 | 6.33 | 2.74 | — | 2.96 | 580) — | 5.75 
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internode in Table 1 is small but clear, since there the control internodes 
gained 0.58 mg. protein nitrogen while those in kinetin gained 1.05 mg.; here 
control and kinetin gain only about 0.5 mg. each. Evidently, then, the inter- 
node does not form protein in response to kinetin unless the kinetin is speci- 
fically applied to it. 

In Figure 3 the bud lengths are compared with the nitrogen data; in this 
experiment the kinetin alone promoted the bud elongation by about 30 °/o, 
as in Figure 5 of the previous paper (12). The marked increases in soluble 
and protein nitrogen caused by kinetin about parallel the increased growth. 
Since the bud is mainly meristematic and leafy tissue and yong cells this is 
to be expected. 

In general the data of this section support the morphological observation 
that kinetin does not exert its action at a distance of more than a few 
millimeters. 


5. The uptake and movement of leucine within the section 


The above experiments indicate that the nitrogen metabolism of the 
isolated section can be fairly complex, comprising: (a) migration of nitrogen 
into the bud, (b) kinetin-promoted synthesis of protein in bud and in inter- 
node, (c) loss of nitrogen to the external solution. In the hope of clarifying 
these processes further, the fate of C“-labeled leucine in the sections was 
followed. The three organs (bud, node and internode), four theatments (con- 
trol, IAA, kinetin, and IAA plus kinetin), alternative points of application, 
and several time periods, introduce so many variables that it was found 
necessary to reduce these as much possible. In the experiments desribed, 
therefore, the use of IAA has been omitted in some, and that of kinetin in 
others. 
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The uptake and movement of leucine during and following a 3-day appli- 
cation is shown in Figure 4 A, while Figure 4 B illustrates a similar experiment 
in whith the leucine was applied for only 12 hours, using a leucine solution 
of 5 times greater radioactivity. Both experiments shows qualitatively the 
same behavior. In the first place the uptake of C14 is most rapid into the node 
region, which includes the apical cut surface. Since the dry weight of the 
node piece is a little less than that of the bud and scale the difference between 
the two in concentration of leucine is the more significant. The uptake 
into the internode, which includes the basal cut surface, is clearly less, and 
since the dry weight of the one 30 mm. internode is closely comparable with 
that of the five nodes, the concentration of the isotope is only one fourth to 
one fifth of that in the nodes. 

In the secand place, as soon as the leucine is removed from the solution 
one can observe its movement from the node into the bud; this continues 
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at a steady rate throughout the succeeding 4 (or 6.5) days. However, it is 
clear, especially in Figure 4 B, that the decrease of C™ in the node is much 
greater than can be accounted for by the migration to the bud, so that there 
must be considerable destruction of the leucine, and since the isotope is in 
the COOH group, C140, is presumably lost. 

In the third place, kinetin somewhat promotes the disappearance from 
the node and (in Fig. 4B) migration into the bud, although its effect is not 
very striking. Little change takes place in the internode, though again kinetin 
clearly promotes loss of C!# from this tissue. 

That the decrease of isotope in the node is much greater than can be due 
to migration of aminoacids into the bud was confirmed by cutting out the 
bud and scale altogether. Two experiments, with and without the bud, are 
represented in Figure 5; the solid line without growth substances, the dashed 
line with IAA, 5 mg. per liter, sucrose 1°/o being present in both cases. In 
each case C!4-leucine was applied to the sections for the first 12 hours, and 
for the sections which were to receive IAA subsequently the same concen- 
tration of IAA was added to the leucine. Figure 5 allows of two conclusions: 
(1) Cutting out the bud results in almost double the uptake of the C!?-leucine, 
presumably by exposing more cut surface for uptake, (2). The amount of 
isotope in the node decreases drastically in the first 36 hours after treatment, 
and the decrease is about proportional to the amount which has entered. 
Where the bud is present, some isotope clearly migrates into it, as shown by 
the two lowermost curves. The presence of IAA does not introduce any 
qualitative change into the picture, though it is noteworthy that (a) IAA 


Figure 5. Experiment similar to 
Figure 4B, but with and without 
the bud. Open circles, bud (plus 
scale) removed; crosses, buds 
present; dots, values in bud plus 
scale corresponding to crosses. 
Solid lines, controls; dashed 
lines, IAA 5 mg. per liter. 


TIME IN HOURS 
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does not promote uptake of the leucine into any part of the tissue, and (b) 
the decrease of isotope content is slightly slowed by presence of IAA. Both 
these experiments show that the applied aminoacid is rapidly broken down 
in the node at a rate roughly proportional to its concentration there; added 
IAA somewhat retards this breakdown. 


Discussion 


The data will first be compared with others in the literature. The elonga- 
tion of the buds without added growth substances, namely 10.4 mm. 
(Figure 1), 9.4 mm. (Figure 3), and 6.2 and 11.1 mm. in two other experi- 
ments, may be compared with values for the same 7-day period of 6.3, 6.0, 
7.4, 8.0, 7.0, 12.8 and 11.8 mm. given by Wickson and Thimann (12). It is 
evident that although the bud elongation varies from experiment to experi- 
ment the present values are closely comparable to those previously found. 
The not quite complete inhibition by IAA 1 p.p.m. and its reversal by kinetin 
4 p.p.m. duplicates the previous findings almost exactly (see Figures 4, 6, 
and 7 of the 1958 paper). 

The nitrogen values cannot easily be compared with older data because the 
sections used have been different. The second internodes here used might 
be compared with the third internodes used for ordinary experiments though 
the latter, being younger tissue, are richer in nitrogen. Christiansen and Thi- 
mann’s data (3) for these young internodes are given as per cent of initial 
dry weight, which was 60.6 mg. for twenty 20 mm. sections. Hence we obtain, 
in ug nitrogen per mm. of internode, the following: — 


3rd (growing) 2nd (non-growing) 
internode; data internode; mean of 
of 1950 Tables 1 and 3 
Soluble Nitrogen ................. abe Bers oe hae 6.6 8.8 
Protein Nitrogen .............................. 4.1 2.1 
Total 10.7 10.9 


Thus the older internodes contain, per mm. of length, only one half as 
much protein as the young ones. This change from one internode to the next 
is paralleled by the change from apex to base within a single internode, 
found by Galston and Dalberg (4). Their data for the successive 5 mm. sec- 
tions of the 3rd internode of completely etiolated plants can be recalculated 
to yield protein nitrogen as ug per mm. of internode as follows: — top 3.02, 
second 1.53, third 1.18 and fourth 0.99 ug respectively. The absolute values 
are all smaller than those above, (doubtless because of the thinner stems of 
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fully etiolated plants) but the steep decrease in protein nitrogen with distance 
from the tip is characteristic. The picture which these data present is the 
following. Aminoacids and other soluble forms of nitrogen come up from 
the cotyledon. In the apical zones they are converted to protein and to 
asparagine, as found also by Meiss (6) with lupine seedlings. Thus the nitrogen 
of the lower internodes is partly the result of these changes and partly reflects 
the soluble compounds in upward transit. In isolated sections, on the other 
hand, protein is synthesized at the expense of a fixed amount of soluble 
nitrogen, but the continued formation of asparagine helps to maintain the 
soluble nitrogen level. i 

It has been tacitly assumed in the above discussion that protein is indeed 
synthesized from free aminoacids in the tissue. This is in accord with all the 
biochemical evidence (see e.g. Bonner’s review, 1) but the opposite conclu- 
sion has been drawn by Steward et al. (9) for tissue cultures, namely that 
“incorporation of carbon in the protein molecule proceeds much more readily 
from glucose than from the free amino acids of the tissue”. Whether or not 
this is so, it is to be noted that the steady protein synthesis shown in Tables 
1 and 3 takes place in presence of an external supply of sucrose. 

The complication of a small loss of nitrogen from the tissue is not surpris- 
ing. Earlier data (3) on the metabolism of young (3rd) internodes show a 
fall in total nitrogen from 7.03 °/o (of the initial dry weight of the sections) 
to 6.80 °/o after 24 hours in water, --a loss of about 140 ug of nitrogen from 
twenty 20-mm. sections. Table 2 shows a comparable loss, namely 40 ug of 
nitrogen from twenty 10-mm. sections in 20 hours. These have a dry weight 
of 30.3 mg. For ten 35.-mm. sections of total dry weight 66.4 mg., kept for 
7 days, this would correspond to a total nitrogen loss of 739 ug. Table 1 
shows an observed loss of 800 ug in the controls, which is reasonably good 
agreement. The presence of IAA increases the loss to 1020 ug, i.e. by some 
25 °/o, which is far less than in Reinhold’s experiments where IAA 5 mg. per 
l. increased the ninhydrin-positive material in the solution from 3.8 to 25.3 
i.e. by 600°. Reinhold found, however, that the effect was prevented by 
adding succinate or sucrose, which may account for the lower excretion in 
our case, with 1 °/o sucrose present in all media. The very large exudation 
which occurs in presence of IAA plus iodoacetate (Christiansen 1950) is, of 
course, a special case not duplicated in the present experiments. 

Finally, the experiments show clearly enough that kinetin promotes the 
synthesis of protein in the bud. In the experiments of Figure 2 the final 
protein nitrogen in the bud is 0.77 mg., that in the control is 0.52 mg. But 
the dry weights of these buds are 12 and 25.5 mg. respectively, so that per 
mg. of weight the buds in kinetin contain 65 ug of protein nitrogen against 
20 ug in the controls, or more than 3 times as much. The effect is much 
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less when the kinetin is applied locally to the apex of the section, which 
agrees with its very weak effect in releasing bud inhibition when similarly 
applied. Another highly localized effect, in mobilizing C14-glycine within 
the leaf, has been described by Mothes et al. (7). However, these workers 
felt that the influence of kinetin was primarily on the accumulation of 
aminoacids and only secondarily on protein synthesis. The present data 
point, though perhaps not conclusively, to the protein synthesis as the primary 
effect. In any case, applied kinetin is evidently almost immobile in the tissue, 
and it is natural to suggest that kinetin rapidly becomes incorporated into 
a large molecule such as nucleic acid. Perhaps, indeed, the resulting nucleic 
acid is responsible for the increased synthesis of protein; it will be recalled 
that in onion roots Guttman (5) found kinetin to increase the amount of 
nuclear RNA. 


Summary 


1. The inhibition by IAA of buds on isolated pea stem sections, and its 
release by kinetin, have been studied with reference to the accumulation and 
movement of nitrogenous compounds. 

2. Although buds grown in presence of IAA plus kinetin are as long as 
the controls, their dry weight is markedly lower. Nevertheless their protein 
content is higher, and their non-protein nitrogen lower, than that of untreated 
controls. Calculated per mg. of dry weight, the buds in IAA plus kinetin con- 
tain three times as much protein nitrogen as the controls. The amount of 
protein synthesized in 5 days in the whole sections (i.e. bud and stem) is 
also doubled when kinetin is present. 

3. When the kinetin is applied locally to the apex the increased nitrogen 
content in the bud is similar but the internode below shows no response; the 
action of kinetin is thus localized mainly in the zone to which it is applied. 

4. The uptake of C!*-Jeucine by the sections is mainly limited to the apical 
cut surface and when this surface is increased by wounding, the uptake is 
greatly increased. The isotope moves out from the node region into the bud; 
kinetin has only a small effect in promoting this movement. 

5. Such C14-leucine undergoes considerable loss of isotope during the first 
24 hours in the tissue, presumably by decarboxylation. There is also a small 
loss of nitrogen into the solution, amounting in 7 days to some 12—15 0/0 
of the total nitrogen in the sections. 

6. Protein synthesis in these sections takes place more in the node than in 
the internode. If kinetin is added, however, the synthesis in the internode 


is increased. 
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7. The localization of the kinetin effect, together with its promotion of 
protein synthesis, suggest that it may become incorporated into a biochemi- 
cally active nucleic acid. 


This work was supported by a grant from the American Cancer Society, whose help 
is gratefully acknowledged. 
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Introduction 


The quantitative relations between molecular size and permeation power 
are still rather imperfectly known, especially as far as substances with a 
molecular weight greater than about 300 or 400 are concerned. 

In order to fill this gap, experiments with members of the polymer series 
of polyethylene glycols were first planned. It soon proved, however, that the 
higher members of this series permeate too slowly to be convenient for such 
experiments. Even their monoethyl ethers and diacetates, although permeat- 
ing distinctly more rapidly, are not very suitable for permeation experi- 
ments once molecular weights above 300 or 400 are reached (Collander 1954). 

In recent years, however, some polypropylene glycols have become commer- 
cially available and it will be shown below that their use makes it possible to 
attack the question of the relations between molecular size and permeation 
power even in the case of very large molecules. 


Permeator Substances Used 


The experiments were carried out with four substances, viz., (a) simple propylene 
glycol (1:2-dihydroxy-propane, B. D. H.), (b) dipropylene glycol (“practical” 
Eastman Kodak Co.), (c) “polypropylene glycol 425”, and (d) “polypropylene glycol 
1025”. The two latter products (both from the Carbide and Carbon Chemicals Co., 
New York) are mixtures of polypropylene glycols of the general formula 


HO—CH, (CH—O—CH,), a OH 
| 


cH; CH, 
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Table 1. Distribution coefficients of some (poly)propylene glycols in the systems ethyl 
ether—water and olive oil—water. 
oS 


“Mono” ÉDIS “Poly 425” “Poly 1025” 
am 
ee 2 eerie 0.018 0.038 0.88 30 

: RTS OU LS easter 0.0017 0.0020 0.025 0.25 
olive oil 


Their respective molecular weight ranges are, according to the manufacturer, 
400-450 and 975—1075, while their mean molecular weights are stated to be 425 
and 1025, respectively. For the sake of brevity the four substances will be referred 
to in the following as (a) “Mono”, (b) “Di” (c) “Poly 425”, and (d) “Poly 1025”. 

The substances (a)—(c) are readily soluble in water, while a saturated aqueous 
solution of “Poly 1025” contains scarcely 3 °/o of the solute. In our experiments the 
substances were used as solutions of about 2-—4°/o. They produced no signs of 
injury in the cells tested. 

The relative lipoid solubility of the substances is seen from Table 1. The distri- 
bution coefficients of the polypropylene glycols in the olive oil—water system are 
somewhat difficult to determine, however, because the solutions tend to remain turbid 
for a very long time after being shaken. The values given are, therefore, only 
approximate. 

The polypropylene glycols can easily be determined quantitatively, even in 
microquantities, by oxidation with a known amount of K,C,O,+ conc. sulphuric 
acid and iodometric back titration of the surplus of chromis acid. 


Experiments with Internodal Cells of Nitella mucronata 


The main technique was here the same as in earlier experiments with the same 
test object (Collander 1954). The cells, which were about 0.4—0.6 mm. thick, were 
first immersed for 24—32 hours in aqueous solutions of the permeator substance. 
Single cells, after being rinsed in water for 1 minute, were then put into water-filled 
glass tubes of about 1.8 mm. bore and somewhat longer than the cell in question. 
The tube stood in a glass jar filled with water, the temperature of which was 
20°+1°C. After a diffusion period of 50—60 minutes the cell was then transferred 
to a second similar tube of water in which it was left for 24—48 hours, i.e., until it 
seemed permissible to assume that practically all the permeator had left the cell. 
The tubes were now emptied and the amount of the permeator in each of them was 
determined. In order to make the results as strictly comparable as possible, two 
different permeators were always tried simultaneously, the tubes being immersed 
in the same water-bath. Besides, if in one experiment the cells A, B, and C had been 
loaded with permeator I while the cells D, E, and F had been loaded with substance 
II, the former cells were treated, in the next experiment, with substance II and the 
latter cells with substance I. 


The results of these experiments are compiled in Table 2. It is seen that, 
on average, 45,4°/o of “Di” had permeated in the same time as 48.4 %/o of 
“Mono”; similary 49.6 °/o of “Poly 425” in the same time as 46.6 % of “Di”; 
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Table 2. Exosmosis experiments with Nitella cells. Percentages of the intracellular amounts 
of (poly) propylene glycols leaking out from individual cells (A—L) in a given time (50—60 


minutes). 
ES a 
Substance Percentages Mean 
Mono AM53300 BIASs ST CSIs =D x 51.2 | 
Di E 45.2 F 47.2 G 455  H 46.5 46.1 | 
Mono E48. 70 F475. 6453. CH 48.7 ae 
Di A 48.6 B 42.4 C 46.0 D 48.7 46.4 
Mono A627 B 45.7 "C + D 47.1 46.3 | 
Di E 449 F 44.4 G 40.1 H 45.4 43.8 
Di E471 eR 47340 G 746.0 MH 49:5 47.5 
425 A 52.0 B 50.8 = D 53.9 52.2 | 
Di A 48.8 B 41.3 as D 47.0 45.7 
425 E 46.5 F 48.0 G 44.3 H 49.4 47.1 | 
425 E 43.620F237.8 LG 41.7 H 490) K 513 N 457 44.6 
1025 A¥26.8 EB 41:45 D 21.5. 1.26.7 29.1 | 
425 APILS OP 54977 D 46.3 0 1L048.7 47.4 
1025 E 40.0 F 31.8 G 34.6 H41.5  K 30.1 N 39.8 36.3 
425 E 48.0 F + G 43.8 H 486 K 45.2 Nt 46.4 
1025 AponG his 28.55.0524. 3. LedBAl 32.1 


x =the substance to be analysed lost. 
f =the cell was dead. 


and 32.5 °/o of “Poly 1025” in the same time as 46.1 °/o of “Poly 425”. If we 
now put Pp;=31X 107’, as found in an earlier investigation (Collander 1954), 
we get the following approximate permeation constants: 


Pyono Pp; Pyss P;025 
34 31 34 2310-7 cm/sec. 


The results now obtained do not agree entirely with those published in 1954, in 
so far as “Di” at that time seemed to have a somewhat greater permeation power 
than “Mono”. The good mutual consistency of all the experiments now performed 
suggests, however, that the newer results are probably more correct than the older 
ones. Besides, in the older experiments “Mono” and “Di” were never directly com- 
pared with each other but only in a roundabout way: “Mono” was compared with 
methylpentanediol which was compared with ethylene glycol, and this was then 


compared with “Di”. ’ i 
It may be questioned to what extent the diffusion resistance of the cells is 


located in the protoplasts and to what extent in the celi wall. In order to 
elucidate this point the following experiments were carred out. Living Nitella 
cells were kept for 3—5 days in an almost saturated solution of “Poly 1025”. 
Some of them happened to die during this time and the rest were killed by 
heating while still immersed in the same solution. The cells were then rinsed 
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in water for 10—15 seconds, after which the exosmosis of the glycol was 
studied in the same way as in the case of living cells. The result was that 
during the first 5 minutes 39—44 °/o of the permeator leaked out from the 
cells and during the first 50 minutes 70—95 °/o. It thus seems evident that 
even in the experiments with “Poly 1025” by far the greater part of the 
diffusion resistance of the living cells is situated in the protoplast itself. 


Experiments with Beta 


The experiments with red beet tissue were carried out with disks 1.0 mm. thick 
and with a diameter of 14 mm. Each disk was designated with a letter (A, B, C - -) 
and used during a period of about 10 days for several successive experiments. In 
each experiment the disk was first kept for 24—48 hours in the (poly)propylene 
glycol solution, then rinsed for 3 minutes in a large amount of tap water and placed 
for 1—6 hours in a glass cylinder (1) containing 4.0 ml. of water and finally for 
24—70 hours in another similar glass cylinder (II) containing a further 4.0 ml. of 
water. The glass cylinders stood immersed in a water bath at 20°C. In order to 
facilitate the handling of the disks they had been gently fixed, before the beginning 
of the experiment, in long-shafted loops made by bending glass capillaries about 
0.8 mm. thick. The disks supported in these loops were occasionally rotated in the 
water. After the exosmosis periods stated the amounts of (poly)propylene glycols in 
the water samples I and II were determined. Two different glycols were always studied 
simultaneously. Besides, each disk was treated alternately with the two permeators 
to be compared. 


Table 3. Experiments on the exosmosis of polypropylene glycols from disks of beet root 


tissue. 
k Time Per- Time Per- 
Date Disk ne (minu- | cent- Date Disk Fe (minu- | cent- 
tes) age : tes) age 
31.1.59 H Di 60 35.4 6.3.59 3 Mono 120 56.1 
I 425 60 20.4 K Di 120 45.5 
2.2.59 I Di 120 47.7 8.3.59 K Mono 120 52.2 
H 425 120 32.1 J Di 120 50.0 
5.2.59 H Di 180 64.1 | 11.3.59 | 'L Mono 120 68.3 
I 425 180 411 M Di 120 61.0 
8.2.59 I Di 180 59.5 | 13.3.59 M Mono 100 61.6 
H 425 180 42.4 E Di 100 53.7 
11.2.59 | I 425 210 45.7 | 15.3.59 L Mono 80 58.7 
H 1025 210 29.0 M Di 80 50.8 
22.259 | J 425 300 51.8 | 17.3.59 ie Di 80 48.6 
K 1025 300 25.8 M 425 80 327 
26.2.59 K 425 300 43.1 | 19.3.59 M Di 100 50.8 
| J 1025 300 sur L 425 100 35.0 
2.3.59 | J 425 300 48.5 | 5.459 | N 425 360 59.5 
K 1025 300 30.2 O 1025 360 26.2 
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From Table 3 it may be inferred that “Di” permeates about 1.1 to 1.2 times 
as slowly as “Mono”, “Poly 425” about 1.5 times as slowly as “Di”, and 
“Poly 1025” about twice as slowly as “Poly 425”. In these experiments there 
was thus a slow but regular decrease of the permeation power with increasing 
molecular size of the glycol. 

In experiments with beet root disks which had been killed by heating to 
100°C., it was found that 77—80°/o of their content of “Poly 1025” leaked 
out in 40 minutes. Evidently then by far the greater part of the diffusion 
resistance even to this substance is situated in the living protoplasts, not in 
the cell wall. 


Discussion 


The above reported experimental results were obtained with two extremely 
different kinds of cells. Nevertheless the results are very similar, for in both 
cases it was found that the increase in relative lipoid solubility encountered 
as we proceed in the series of the polypropylene glycols from dipropylene 
glycol to those of a mean molecular weight of 1025 is slightly more than 
compensated for in its effect on the permeation power by the simultaneous 
increase in molecular size or by some factor correlated with molecular size. 

It should, however, be observed that the experiments with Nitella and 
those with Beta have a source of error in common, viz., the fact that the poly- 
propylene glycol samples used were not pure substances but consisted of 
mixtures of slightly different members of the same polymer series. It is 
therefore natural to suppose that the more rapidly permeating members 
would leak out first, the more slowly permeating later. In order to avoid, as 
far as possible, errors due to this circumstance the experiments were arranged 
so that an approximately constant proportion of the permeator substance — 
roughly 50 °/o — was always lost from the cells during the exosmosis period. 
In some experiments, however, a somewhat lower percentage of “Poly 1025” 
actually came out. It is therefore possible that the permeation power of this 
substance was, in reality, somewhat smaller than it appeared to be. 

At any rate, it seems indisputable that, in this polymer series, an increase 
of the molecular weight by a factor of 7.6 (i.e., from 134 to about 1025) has 
a somewhat greater influence on the permeation power than a simultaneous 
increase of the relative oil solubility by a factor of 100 (from 0.0020 to 
about 0.20). 

If we tentatively put the P-values obtained in the experiments with Nitella 
cells into the expression PM15/(k,:)1% (cf. Collander 1954, p. 440) this expres- 
sion assumes the following values: 
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“Mono” “Di” “Poly 425” “Poly 1025” 
PM:5/(koù) 182 10.1 17.8 3.9 0.6 


In the case of the largest molecules of this series the influence of molecular 
size on permeation power is thus even greater than in the case of compounds 
with molecular weights between 70 and 250, in which the value of the above- 
mentioned expression remains approximately constant. 

This result may be interpreted as a warning against neglecting the influence 
of molecular size in favour of the lipoid solubility factor. But, of course, we 
seldom have to do with permeator molecules as large as those of the highest 
polymers here studied. Besides, it is a well known fact that basic dyes like neu- 
tral red (molecular weight=252) and alkaloids like atropine (M—289), cocaine 
(M=303), and thebaine (M=313) are, in spite of their large molecular size 
but in conformity with their great lipoid solubility, endowed with a very 
great permeation power (Overton 1896, Äyräpää 1950, Bartels and Schwantes 
1957). Even brucine (M=394) and cevadine (M=591) penetrate plant proto- 
plasts fairly rapidly (Poijärvi 1928). 

Evidently, then, still more compounds of molecular weights: greater than 
400 and of varying molecular structure must be studied before the quanti- 
tative relations between molecular size and lipoid solubility on the one hand 
and permeation power on the other can be definitely determined. 

Finally it may be pointed out that the results achieved in this investigation 
can scarcely be said to support the ultrafiltration theory of cell permeability. 
A more plausible interpretation is that they indicate a high degree of viscosity 
of the plasma membranes (cf. Wartiovaara and Collander 1960). 


Summary 


Within the polymer series of the polypropylene glycols the relative lipoid 
solubility increases with increasing molecular size. At the same time the 
permeation power, as measured with internodal cells of Nitella and root cells 
of the red beet, slightly decreases. The permeation power is thus more 
influenced by an increase of the molecular weight by a factor of 7.6 (from 
134 to about 1025) than by the simultaneous increase of the relative olive 
oil Solubility by a factor of 100. This result is something of a warning 
against neglecting the influence of molecular size on permeation power. 
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Introduction 


The idioblasts in the leaves of Elodea densa have been described by various 
workers (Cordes 1959, Takada 1952, Yoshida 1958). The presence of a 
phosepho-lipo-protein complex in the cytoplasm of these cells, as well as 
considerable amounts of fatty acids in the vacuoles has been shown by 
Cordes (1960). These lipid idioblasts do not appear to act as depots of fat 
reserves in the usual sense of the term since neutral fats are never found, 
unless the cells have been killed and the lipoprotein separated. An idioblast 
system of this sort offers an excellent opportunity to study in vivo the inter- 
actions between plant and environment, in so far as fatty materials is con- 
cerned. It is of interest to learn whether the fatty materials present (phos- 
pholid as well as fatty acids) may be mobilized by the plant during times of 
need, for example, during starving in the dark. Another question to be 
answered is whether the environment has any effect on the amount of fatty 
materials produced, per cell and per unit volume of plant. There are several 
methods of attack. One is to grow plants in various light intensities, another 
is to grow them in variaus temperatures. The nutrition of the plants may also 
be varied, determining the effects of nutrients deficient in nitrogen, for 
example, as well as the effects of incubation in acetate. The present paper is 
concerned with the first three conditions; effects of starving in the dark, of 
varying light intensities and varying temperatures. The remaining ones will 
be discussed in a later paper. 
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Materials and Methods 


Control cultures of Elodea densa were grown in a 10”X10”X18” aquarium. 
Plants were rooted in acid-washed white sand. Nutrient used was a 1/20 dilution 
of the Lago nutrient solution (Ellis and Swaney 1947). Deeminized water only was 
used. As the nutrient evaporated, new was added. The aquarium was kept surrounded 
by flowing tap water so that the water in the aquarium maintained a temperature 
that never varied far from 20°C. Illumination was supplied by two 60 watt incan- 
descent bulbs, so that the plants received 30 candles reflected illumination per 
square foot of water surface. All experimental plants were compared to these controls. 

A preliminary experiment was performed to determine whether the lipid materials 


in the idioblasts could be moblized during starvation in the dark. Several Elodea 
plants were rooted in acid-treated sand, and covered with diluted Lago solution. 
The plants were retained in the light at 20°C until they rooted and continued growth. 
They were then placed in the dark, still at 20°C. Each day several leaves were 
removed from each plant, plasmolyzed in 0.4 M CaCl, and the G values determined 
for 50 idioblast cells. 

For the illumination experiment, Elodea plants were placed in six two-liter capa- 
city museum jars, rooted in sand and placed at varying distances from a single: light 
source (100 watt incandescent bulb) so that the illumination received by two each 
of the jars was as follows; 150, 15 and 1.5 candles reflected illumination per square foot 
of water surface. Plants were allowed to produce new growth for about one month 
before the new areas were removed and analyzed. A tap water bath kept the jars 
at 20,C. 

Plants were treated similarily for the temperature trials. Two-liter jars were used 
throughout. Two jars were kept in a cold room at 4°C, two in an incubator in the 
cold room, at 11°, two in tap water at 20°, two at room temperature, about 27° 
‚and two in a warm water bath at 37.5°C. Illumination was kept at 30 candles per 
square foot of water surface. 


Measurements of the results were made in several ways. One was through deter- 
mination of the G value according to Hôfler (1930). G represents the percent of origi- 
nal protoplast volume remaining after complete plasmolysis in 0.4 M CaCl,. It had 
previously been determined (Cordes 1959) that maximum plasmolysis of the idioblasts 
occurred in about 0.35 M CaCl, solutian. 


The per cent volume of the leaf occupied by the idioblasts was calculated for 
each experimental trial, and compared to the controls. It was assumed that the 
idioblasts were rectangular solids rather than cylinders. The volume of the idioblasts 
per leaf would then equal: 


IXdX2Xn 


where d=the average diameter of the idioblasts. 
The volume of the leaf would equal: 


dx2Xa 


The thickness of the leaf was taken as dX2 since the leaves are two cell layers 
deep and it was assumed the cells were as wide as they were deep. Since all data 
was handled in the same way, these assumptions were allowable. 
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Results 


Figure 3 shows the curve obtained by determining G values for idioblasts 
starved over a period of 12 days. After the fifth day, many of the idioblasts 
began to die. The G values determined after that time only include those 
cells which were still alive, and these values are therefore selective. Statistical 
analysis of these values indicate that 95 °/o of the time, values of 3.5 Vo or 
more are significant. When plants were returned to the light during the 
course of starvation, the G values of the idioblasts returned to normal, that 
is, about 50, within 24 hours. No differences were noted between curves for 
G values for plants that were starved in water as opposed to those starved 
in nutrient. 

Plants kept in highest illumination, 150 candles of reflected light per 
square foot of water surface, did not survive. All attempts to maintain them 
alive failed. The two weaker illumination intensities proved favorable and 
the plants survived and grew. G values for these trials were plotted on a 
histogram (Figure 1). The differences were found not to be significant. 

Aeration was necessary in order to keep alive plants maintained at 4°C and 
11°C. No growth occured in the 4° plants. G values for the 11°, 20° and 
27° trials were determined and plotted on a histogram (Figure 2). 37.5°C 


g g 
40 50 
35 45 
30 40 
25 39) 
15 1528150 11°C" 20°C 27°C 2 4 6 8 10 12 DAYS 
CANDLES 
Bigs od. Fig. 2. Fig. 3. 


Figure 1. Values of g of idioblasts from plants grown in various light intensities. No 
growth was obtained at 150 foot candles. Differences between 1.5 and 15 foot 
candles are not significant. 

Figure 2. Values of g of idioblasts from plants grown at various temperatures. No growth 
was obtained at 4°C or at 37.5°C (not shown on graph). Greatest amounts of 
solid materials were deposited in the idioblasts of plants grown at 20°C. 

Figure 3. A comparison of g values for idioblasts of plants starved in the dark and remaining 
in the light. The lower values of g in the former case indicate a removal of 
solid materials (either in or out of solution) from the cells. 
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Figure 4. Per cent volume of leaves occupied by idioblasts from 
plants grown at various temperatures. Significantly less solid 
materials were deposited in the idioblasts at 11°C. 


0.100 


11°C 20°C 27°C 


was found too high and the plants died very quickly. Ratio volume of idio- 
blasts to total leaf volume was also plotted on a histogram (Figure 4). 


Discussion 


Of the two kinds of fatty materials present, fatty acids and lipo-proteins, 
probably only one is mobilized during starving, namely the fatty acids. It 
is not likely that the lipo-protein is attacked until the cells are near death. 
It may therefore be assumed that the major amount of the fluctuations of 
G values during dark starvations were due to mobilization of the fatty acids. 

It is not too surprising that the plants kept at maximum illumination 
intensity did not survive. Elodea is essentially a shade plant. Its leaves are 
only two cell layers deep. Probably, the rate of chlorophyll synthesis was 
not as rapid as that of chlorophyll breakdown. A difference in the G values of 
the other two illumination intensities would have meant that the illumination 
intensities used here had limited the rate of photosynthesis, which in turn, 
controlled the amount of carbohydrate reserves available for conversion to 
lipid materials. It appears that such was not the case here. 


Probably aeration was necessary in the temperature trials kept at 4° and 
11°C because the rate of photosynthesis was so slow at these temperatures, 
insufficient oxygen was produced to maintain the plants alive. The need for 
aeration was greater at 4°. This would also account for the absence of growth 
at 4°. The differences in the G values, and the striking differences in the 
percent volume of idioblasts to leaf volume are taken to mean that between 
11° and 20° there is a considerable increase in rate of photosynthesis, but 
that the rate of respiration does not reach its maximum until somewhere 
above 27°. It may appear from the G values alone that the compensation 
point has been reached between 20 and 27°, but the volume figures indicate 
it comes above 27°C. 
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Summary 


Elodea idioblasts contain fatty materials of two kinds, lipo-protein and 
free fatty acids. The fatty acids appear to be broken down to water soluble 
substances when the plants are starved in the dark. Although no significant 
differences could be found in the amounts of lipid materials deposited in the 
idioblasts, or the per cent volume of the leaf occupied by idioblasts for the 
various illumination intensities used in this study, all these values displayed 
significant differences for the temperature experiments, indicating that carbo- 
hydrate reserves continue to be accumulated and converted to fatty materials 
until the compensation point is reached somewhere above 27°C. 


This work was supported in part by National Institutes of Health pre-doctoral 
fellow-ship 8500. Present address of the author: Biology Department, The Creighton 
University, Omaha, Nebraska. 
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Introduction 


The application of thermodynamic principles to the study of the pheno- 
menon of microbial growth requires that a reaction system be established 
having a thermochemically defined initial and final state. This can be done 
through the determination of a chemical reaction representing the growth 
of a microorganism on a known amount of substrate (Tamiya 25, Hoover 
and Allison 12). In dealing with such reactions the initial state is defined 
as the growth medium plus at least one living cell capable of growth. The 
final state is defined as one in which the potentiality for growth nv longer 
exists because of the exhaustion of the substrate. The reaction which occurs 
during the passage from the initial to the final state can be called a growth- 
reaction. The purpose of this investigation was to determine quantitatively 
the components of the initial and final states of different growth-reactions, 
using Saccharomyces cerevisiae as the test organism. 


Methods 


a. Culture. The organism used in these experiments was Saccharomyces cerevisiae 
(Hansen), strain 8 : 1 : 1, from the collection of the Hopkins Marine Station, Pacific 
Grove, California. 

b. Culture medium. The composition of the synthetic nutrient medium used in 
these studies was as follows: Minerals (g.), (NH,),HPO, 0.20, KH,PO, 0.20, 
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MgSO, : 7H20 0.03, CaCl, 0.01; Trace elements (ug.), F 33, Bo 10, Zn 10, Co 5, 
Cu 0.5, Mn 0.5; Vitamins (ug.), inositol 200, Ca pantothenate 40, nicotinamide 40, 
thiamine HCl 40, p-aminobenzoic acid 20, biotin 0.2, and ergosterol 200; to a final 
volume of 100 ml. distilled water. The pH of the medium was adjusted to 6.5. 
Known amounts of substrate were added as the particular experiment indicated. 


The addition of ergosterol (Andraesen and Stier 1) to the medium required special 
attention. Because no solubilizing agent was used, the ergosterol had to be emulsified 
as follows. One ml. of a stock solution containing 20 mg. ergosterol disselved in 
100 ml. 95 °/o ethanol was diluted 25 times with 95 °/o ethanol and added quantita- 
tively to 75 ml. distilled water. The resulting emulsion was then boiled to distill 
off the ethanol until the volume was reduced to 40 ml., after which distilled water 
was added to a volume of 90 ml. In this manner the ergosterol was emulsified to 
such an extent that only a vague Tyndall effect could be seen when a beam of light 
was passed through the emulsion. One ml. of a vitamin stock solution, 1 ml. of a 
trace element stock solution, the minerals and the substrate were then added to 
this emulsion, after which distilled water was added to a final volume of 100 ml. 
The medium was sterilized at 20 lbs. pressure for 10 min. 


The requirement of an unsaturated fatty acid for anaerobic growth in a defined 
medium (Andraesen and Stier 2) could not be demonstrated. 


c. Turbidimetric experiments. Anaerobic turbidimetric growth experiments were 
carried out in 250 ml., cotton-stoppered Erlenmeyer flasks containing 50 ml. each 
of nutrient medium plus different concentrations of substrate. A loopful of cells 
from a 24-hour aerobic plate culture was inoculated directly into each flask. The 
flasks were then placed in a large desiccator which was then evacuated and refilled 
three times with pure nitrogen gas. 

Aerobic turbidimetric experiments were carried out in 1 1. cotton-stoppered Erlen- 
meyer flasks containing 100 ml. each of nutrient medium plus different concentra- 
tions of substrate, and inoculated in the same manner as the anaerobic cultures. 


The desiccator and the 1 1. flasks were placed on a rotary shaker which swirled 
the contents of the flasks 88 times per min. The experiments were carried out at 
30°C. After growth had ceased, turbidity of the suspensions was measured with a 
Klett-Summerson photoelectric colorimeter, precautions having previously been 
taken to replace any water lost by evaporation. Because of a tendency of the cells 
to clump, satisfactory turbidimetric measurements of ethanol- and acetate-grown 
cells could only be made by shaking the suspensions in a glass stoppered bottle half 
filled with glass beads. The shaking was continued unfil successive measurements 
showed no furfher increase in turbidity. 

d. Cell analyses. To establish an empirical formula representing the cellular 
mass, elemental analyses were made of yeast cells grown on various substrates 
under conditions identical with those used in the turbidimetric experiments. While 
still in the exponential phase the cells were centrifuged from suspension and quickly 
washed twice at room temperautre with an amount of distilled water representing 
one tenth the volume of the original suspension. After the second recentrifugation the 
cells were taken up in a minimal quantity of distilled water and poured into a large 
Petri dish. A rapid stream of air at 30°C. was then blown over the surface of the 
liquid layer so that within a half-hour the water was removed from the suspension. 
The dried cells were then ground to a powder in a small mortar and placed in an 
evacuated desiccator over concentrated H,SO, for two days, after which elemental 
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analyses were made. The determinations were carried out, using conventional 
microchemical techniques, in the laboratory of Dr. Charles Koch, University of 
California, Berkeley. 

e. Manometric experiments. The gases evolved or consumed during the growth 
of the yeast on a known amount of substrate were measured manometrically, using 
the Warburg technique, by growing the cells directly in the reaction vessels. Each 
vessel contained 2 ml. sterile nutrient medium, plus 0.2 ml. 3.4 °/o H3PO, in one side 
arm. The experiments were conducted at 30°C., with the air in the vessels being 
replaced with pure nitrogen gas for anaerobic experiments. Each growth-reaction 
was followed manometrically until no further gas exchange could be observed. The 
acid was then tipped into the main compartment of the .vessel to release any bound 
CO, present in the liquid phase. The oxygen absorption as well as the CO, evolu- 
tion was determined for the aerobic experiments, following a modified (Baalsrud 
and Baalsrud 3, Clayton 6) method of Schatz (21). 

f. Analyses. Except for the case of anaerobic growth on glucose, no carbon- 
containing products other than CO, and cellular material could be found. In the 
former case a fermentation analysis had to be made. Ethanol was distilled from 
the cellular suspension in the Warburg vessels and determined by the method of 
Neish (19). However, repeated experiments showed that about 20 °/o of the carbon 
initially added to the system could not be accounted for in terms of CO,, ethanol 
and cellular material. 

Experiments with larger volumes of medium were necessary to determine the 
nature of the unidentified products. After separation of the cells, neutralization and 
evaporation almost to dryness, the fermentation liquor was divided into 2 equal 
parts, 1 of which was acidified to pH 2. Each part was then mixed with powdered, 
anhydrous sodium sulfate and extracted with ether in a Soxhlet apparatus. After 
evaporation of the ether extracts the residues were analyzed. The taste of the 
neutral residue plus the formation of acrolein on heating indicated the presence 
of glycerol. A quantitative determination of the formaldehyde (Lambert and Neish 
13) and of the formic acid (Smit 23) formed as a result of periodate oxidation 
showed that for every 2 meq. of periodate reduced there were formed 2 mmoles of 
formaldehyde and 1 mmole of formic acid. A carbon determination (Battley 4) of 
the neutral residue gave an amount of carbon equivalent to that predicted on the 
assumption that the neutral residue consisted entirely of glycerol. Although glycerol 
was also present in the acid residue, a somewhat increased amount of carbon 
indicated additional products. The formaldehyde/formic acid ratio resulting from 
periodate oxidation was higher than it could have been were glycerol present alone. 
Qualitative tests for pyruvic acid and glyceric acid (Feigl 7) were negative. A qua-- 
litative test for lactic acid (Feigl 7) was positive, but a quantitative determination 
(Friedemann and Graeser) 9) showed the presence of only trace amounts. According 
to Neuberg and Karczag (20), fresh suspensions of yeast are able to catalyze the 
hydrolysis of a-glycerophosphate, and the immunological evidence of Sevag et al. 
(22) indicates that glycerophosphatase is found, at least in part, at the surface of 
the yeast cell. In addition, the work of Meyerhof and Green (16) has demonstrated 
that glycerophosphatase activity is freely reversible. These facts all suggested that 
the additional fermentation product in the acid residue was a-glycerophosphoric acid, 
and provided a quantitative explanation (Fleury and Paris 8) for the high form- 
aldehyde/formic acid ratio found on periodate oxidation of the acid residue. After 
subtraction of the periodate equivalent of the glycerol in the neutral residue, the 
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a-glycerophosphoric acid was calculated according to the equation of Fleury and 
Paris (8). The addition of the amounts of glycerol and a-glycerophosphoric acid 
gave a sum which was equivalent to the amount of formaldehyde produced on 
periodate oxidation of the acid residue. Since the above operation accounted quan- 
titatively for the residual carbon of the fermentation balance, it was concluded that 
the unknown products of the fermentation were glycerol and a-glycerophosphate, 
the latter being formed by the reversible action of glycerophosphatase at the surface 
of the yeast cell until an equilibrium concentration was reached. 


Results 


a. Establishment of the non-limiting nature of the nutrient medium. It was 
necessary to establish that no factor in the nutrient medium was limiting 
other than the substrate concentration. If this were true, the addition of 
more substrate in small increments to the medium should result in an increase 
in growth proportional to the amount of substrate added (Monod, 17). Such 
a proportionality is graphically illustrated in Figure 1. 


b. The elemental composition of yeast cells grown on different substrates. 
The results of the elemental analyses of yeast cells taken from the exponen- 
tial phase of anaerobic growth on glucose, and of aerobic growth on glucose, 
ethanol, and acetate are given in Table 1. To obtain a numerical atomic ratio 
which can be placed in a formula, the per cent values for the elements were 
divided by their respective atomic weights. Since it is more convenient to 


DENSITY 


140 A 


130 
120 
110 
100 
90 
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Table 1. Elemental analyses and empirical formulae of yeast cells taken from the 
exponential phase of growth on different substrates. 


 ———————————@ ] 


Substrate used 


Glucose 
(anaerobically) 
Glucose 
(aerobically) 
Ethanol 

| Acetic acid 


C 


46.16 


46.68 
49.30 
49.20 


Elemental analysis 

(per cent by weight) 
Inorganic 
water- 

pe 2 2 soluble 
residue 

| 

6.73 | 27.75 | 10.76 8.6 

6.67 | 28.55 | 9.30 8.8 

7.05 | 26.81 | 8.54 8.3 

6.70 | 29.01 | 8.69 6.4 


Empirical formula 


C4.20H7.3601.90No.84 


C4.26H7.3101.96N0.73 
C4.48H7.6901.83No.67 
C4.38H7.1601.94No.66 


Unit-carbon 
formula 


I aa 


CH1.7500.45No.20 


CH1.7100.48N0.17 
CH1.7200.41N0.15 
CH1.8200.44N0.15 


Table 2. Results of the analytical determinations for the manometric and other experi- 
ments. All results are in terms of microatoms except where otherwise indicated. For the 
spaces marked by * the carbon could not be determined because of the tendency of the 
cells to clump and to grow adherent to the side of the reaction vessel, thus making the 
sampling error too high. Values marked with ! were indistinguishable from the blank 


determination. 
Substrate used during growth 
Determination or calculation Glucose | Glucose 
(anaero- | (aero- | Ethanol | Acetate 
bically) | bically) 
1 Total inıtlal"carbonwe er ee ee 83.33 33.33 39.08 40.00 
2. Carbon evolved during growth as CO: (mano- 
metry?) 2% ee ecommerce 21.4 22.7 18.8 27.7 
3. Residual carbon in medium after growth 
(direct analysis) 1.0. 0. ee meme — 11:1 . ES 
4. Residual carbon in supernatant liquid of 
medium after growth (direct analysis) .... 0.0' — 0.0' 0.0" 
5. Carbon produced as ethanol (direct analysis)| 36.0 — — — 
6. Carbon produced as glycerol (direct ana- 
nee 16.5 — — — 
7. Carbon produced as a-glycerophosphate (di- 
rect. analysis). RTS ee ne 1.5 — — — 
8. Carbon produced as cells (dry wt. plus ele- 
mentalscomposition) ee ee tierra 8.2 — — — 
9. Carbon produced as cells (3—4) ......... — 111 — — 
10. Carbon produced as cells (1—2) ......... = 10.6 20.3 12.3 
11. Per cent recovery of carbon .............. 100.3 % |100.5 % — 
12. Oxygen consumed during growth (mano- 
DREH) ae ee ST CMM Ce Sh amen — 21.3 % | 35.5 27.1 
13. Per cent CO>2 evolved during growth com- 
pared with that expected from a complete 
oxidation or fermentation of the substrate..| 77.0 % | 68.1 % | 48.0 yall ite. Se 
14. a Oz consumed during growth (as : 
in N NE OT Do ee che = 64.1 9 6 750 
| 15. Per cent ethanol produced during growth RH 2e; 
(AS In LI) N Ne ee 65.0 % — — en 
16. Per cent of substrate carbon recovered after 
growthicas cells. Gen eee oe 9.8 % | 32.5 % | 52.0 % | 30.8 % 
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Figure 2. Graph showing the total gas pressure in mm. “9 
Brodie’s solution plotted against time for the growth of 
yeast aerobically in a Warburg vessel on 5.555 micro- -20 
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use a formula expressed in terms of unit amounts of carbon in the cellular 
material, the elemental coefficients in the empirical formulae were divided 
by the coefficient for carbon. 

c. Results of the manometric and other determinations. The results of all 
the experiments are given in Table 2. No statistical analysis was made of the 
results, although the experimental values could usually be reproduced to 
within 2 °/o. When the logarithm of the manometric gas exchange was 
graphed as a function of time a typical exponential curve was observed for 
all growth-reactions except for aerobic growth on glucose.-This latter curve 
is shown in Figure 2. 

d. Equations representing the growth-reactions. An equation representing 
the reaction which occurred when yeast was grown anaerobically on glucose 
was constructed in the following manner. The carbon values in Table 2 were 
converted into terms of umoles of the substance containing the carbon by 
dividing by the number of carbon atoms in the substance. These values were 
then multiplied by 1/umoles of the glucose initially added to convert the 
equation info terms of unit moles of substrate, so that the equation could 
readily be compared with others. Were 1 mole of glucose to be completely 
fermented, the reaction would be written as follows (Gay-Lussac 11, expressed 
in terms of glucose rather than sucrose) : 


CegH120¢ TE CO: + 2 CH;CHOH 
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During the process of growth, however, only 77.0 °/o of the amount of CO, 
expected on the basis of a complete fermentation actually appeared, and 
only 65.0 %0 of the ethanol. This constituted a marked deviation from the 
values predicted from the Gay-Lussac equation. Using the values calculated 
from the data in Table 2 for CO,, ethanol, glycerol and a-glycerophosphate 
(expressed’as glycerol), and the cellular materials (expressed in terms of the 
unit-carbon formula for yeast cells grown anaerobically on glucose, taken 
from Table 1), and inserting an amount of ammonia (since this was the only 
source of nitrogen) on the left side equivalent to the amount of nitrogen in 
the cellular material, an equation was written as follows: 


CgH120g+0.12 NH; > 1.54 COs-+ 1.30 CH3CH OH + 0.43 C3H303+ 
+ 0.59 (CH1.500.45N0.20) 


a-glycerophosphate is expressed in terms of glycerol because of the assump- 
tion that, since phosphorylated compounds appear to pass through cellular 
membranes with difficulty if at all, the actual product of the growth-reac- 
tion is glycerol, and that this is phosphorylated after it has been excreted 
into the medium. An addition of the C, H, O and N atoms on each side of the 
equation shows that a good material balance has been obtained. 

By procedures similar to those just described, equations representing the 
aerobic growth of yeast on glucose, ethanol and acetate were constructed. 
These are as follows: 


Growth aerobically on glucose: 
CGsH1206+3.84 O2+ 0.33 NH3 — 4.09 CO2+4.73 H20O + 1.95 (CH: 7100.46 No 17) 


Growth on ethanot: 
CH3CH2OH + 1.82 O2 +0.15 NH3 — 0.97 COs+2.31 HoO + 1.03 (CH: 700 41 N0.15) 


Growth on acetate: 
CH3COOH + 1.35 O2+0.09 NH3 — 1.38 CO2+1.65 H20 + 0.62 (CH:.600.44No015) 


The equation for growth on acetate is expressed in terms of the free acid 
because it is assumed that this is the actual form in which this substrate 
is used. 


Discussion 


From a comparison of the slopes of the lines in Figure 1 it is apparent 
that the aerobic growth of this yeast on glucose is 3.4, 3.0, and 3.8 times 
that on glucose anaerobically, ethanol and acetate respectively. However, a 
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similar comparison of the coefficients for the cellular material in the equa- 
tions gives values of 3.3, 1.9, and 3.1 respectively. This merely serves to 
emphasize that the use of optical methods to measure relative cell yields : 
may give results which are a great deal different from those obtained by 
chemical methods (in this case a measure of the carbon content of the cells). 

From Figure 2 it is apparent that, as already established for oxygenated 
yeast suspensions (Lundin 14) and later indicated for growing yeast cells 
(Swanson and Clifton 24), even in the presence of O: the initial stage of the 
aerobic utilization of glucose consists of a fermentative growth-reaction. 
Although air was used as the gas phase in the manometric experiments, it 
was found that the same phenomenon was observed in a similar experiment 
where the gas phase was pure Oz. Although the rate of CO; evolution in the 
initial, ‘anaerobic’ stage of growth is slightly lower than that in the absence 
of Os, the amounts of CO, and ethanol formed at the time the glucose dis- 
appears from the medium were found to be about 96 °/o of those expected on 
the basis of the experiments with the anaerobic growth-reaction. If a sample 
could have been taken at the exact moment when the glucose disappeared 
from the medium, an even closer correlation might have been found. This 
was prevented, since the aerobic rate of CO: evolution was not as constant 
as that anaerobically, and thus an exact prediction of the time the positive 
pressure change ceased could not be made. On the other hand, it may be that 
as the glucose becomes limiting the cells begin to adapt to growth on ethanol. 
In this case, 96 °/o is probably close to the true value. 

It was reasonable to believe that oxidizable, non-cellular products of the 
anaerobic glucose growth-reaction could be used by the yeast aerobically, 
since these products are not found at the end of the aerobic growth-reaction. 
An equation could be established which represents the growth of yeast on 
ethanol, but attempts to establish equations representing aerobic growth on 
glycerol or a-glycerophosphate were completely unsuccessful undér the con- 
ditions of the Warburg experiments, even though gas exchange could be 
observed in all cases. Since the rate of this gas exchange was constant, it was 
concluded that the glycerol formed during the initial fermentative stage was 
not used in a growth-reaction but was merely oxidized. This was further 
indicated by the rapid oxygen consumption immediately following the fer- 
mentative stage, as shown in Figure 2. 

On the basis of the above reasoning, it was of interest to determine if an 
addition could be made of the equation representing anaerobic growth on 
glucose (1), the equation representing aerobic growth on the ethanol formed 
during the anaerobic growth-reaction (2), and the equation representing the 
complete oxidation of the glycerol formed during the anaerobic growth- 
reaction (3) to equal the equation representing aerobic growth on glucose. 
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This can be closely approximated (4), as shown in Table 3. An even closer 
agreement was evident when it was realized that, in spite of efforts to avoid 
this, the unit-carbon formula for yeast cells grown aerobically on glucose is 
not constant. This is because the first stage of aerobic growth is actually an 
anaerobic glucose growth-reaction, whereas the second stage is essentially 
an ethanot growth-reaction. The elemental analysis of the aerobic glucose- 
grown cells was made not long after the glucose had disappeared from the 
medium, when the cells still had a composition not greatly different from 
that of cells grown anaerobically. For this reason, the formula of the ethanol- 
grown cells is probably a better representation. The equation representing the 
aerobic growth of yeast on glucose then becomes: 


C5H3906+ 3.84 O2+ 0.29 NH3 — 4.09 CO2+4.73 He0+1.95 (CH17200.44No15) 


The equation obtained by addition (4) in Figure 3 is in good agreement with 
the one above. 

The high yield of glycerol in the anaerobic glucose growth-reaction is 
surprising, since comparable yields have only been previously encountered 
under exceedingly ‘unphysiological’ conditions such as those employed by 
Connstein and Liidecke (5) and Fulmer et al. (10). However, it may be that 
previous investigators have not studied maximally growing cells under strictly 
anaerobic conditions. Morris (18), citing the data of White and Munns (26), 
states that “Under strictly anaerobic conditions the rate of (yeast) growth 
is at a minimum, reproduction being limited to 4—5 generations, . . .” 


(1) CgH120¢+0. 12 NH3 > 1.54 COo+1. 30 CH3CH:;0H +0. 43 CsHsOs+ 
+0.59 (CH: 7500.45 No.20) 


(2,5830 CH3CH>:0H + 0.18 NH3+2.38 Os— 1.26 CO:+3.00 H20 + 
+1.34 (CH: 710043No 14) 


(3) 0.43 CsHg03+1.50 Oo — 1.29 CO:+ 1.72 H30 


(4) CeH 120% +3.88 Os+ 0.30 NH3—4.09 CO» +4.72 H20 + 1.93 (CH: 7206.43 No 15) 


Figure 3. The addition of the equation representing the anaerobic growth of yeast on 

glucose (1), the equation representing the aerobic growth on the ethanol formed during 

the fermentative reaction (2), and the equation representing the total oxidation of the 

glycerol formed during the fermentative reaction (3), to equal the reaction representing 

the aerobic growth of yeast on glucose (4). Equation (4) should be compared with the 

equation representing the aerobic growth of yeast on glucose which is given in the text 
under Discussion. 
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Andraesen and Stier (1) were able to obtain growth for only 1—2 genera- 
tions in a chemically defined medium under strictly anaerobic conditions. 
However, abundant growth could be obtained if only a small amount of O2 
were present in the ‘anaerobic’ cultures (White and Munns, 26; Andraesen 
and Stier 1). Thus, it is evident that even a small amount of oxygen can pro- 
foundly influence the behavior of a yeast culture. The finding of Andraesen 
and Stier (1, 2) that ergosterol and oleic acid could substitute for the oxygen 
requirement made it possible to grow yeast under strictly anaerobic condi- 
tions. In the present investigation the requirement of a steroid has been 
confirmed, although the addition of oleic acid was found not to be necessary 
for this yeast. The steroid requirement seems to apply only to anaerobic 
growth. This is evident, not only from the growth experiments, but from the 
data of Maguigan and Walker (15), which indicate that steroid synthesis in 
yeast takes place only under aerobic conditions. 

A calculation of the free-energy change accompanying the complete oxida- 
tion of glucose to CO; and H2O, and the complete fermentation to CO: and 
ethanol gives values of 698 and 52 kcal. per mole respectively at 25°C. and 
1 atmosphere, reactants and products being in the aqueous standard state. 
This means that there is approximately 13.4 times as much energy theo- 
retically available for aerobic growth as for anaerobic growth. In fact, one 
usually observes only about 3.4 times as much growth aerobically as anaero- 
bically (on the basis of turbidimetric measurements), and this has puzzled 
investigators in the field of yeast metabolism for many years. The observa- 
tion that the yeast apparently cannot utilize the glycerol formed during the 
initial, anaerobic stage of aerobic glucose utilization for the purpose of growth 
provides an explanation for this fact. The chemical potential of the glycerol 
is completely, wasted as heat and entropy. 


Summary 


For the purpose of defining thermodynamic reaction systems whereby the 
energy changes accompanying the process of growth could be studied, an 
attempt has been made to establish initial and final states with respect to 
the growth of a microorganism. Equations have been determined which 
represent the growth of Saccharomyces cerevisiae (Hansen) anaerobically 
on glucose, and aerobically on glucose, ethanol and acetic acid. 


This investigation 'was carried out at the Hopkins Marine Station, Pacific Grove, 
California, during the tenure of a predoctoral fellowship from the National Science 
Foundation, 1952—54. The material in this presentation was taken from a thesis 
submitted by the author to Stanford University in January, 1956, in partial fulfill- 
ment of the requirement for the degree of Doctor of Philosophy. 
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Introduction 


In a previous report (Maeda 1958) the author investigated the effect of 
growth-regulating substances in the leaf sheath basal region, the sheath joint 
of wheat plants, and corroborated that the sheath joint is the region of per- 
ception for geotropic stimulation and that this region is affected by growth 
regulators. 


From histological observation it has become evident that the growth dif- 
ferences of this region are caused by variance in the degree of increase in 
cell length. When grasses are placed horizontally it would be expected that 
some changes do also occur in lamina joints, basal region of laminae, of the 
plants. In such cases it follows that the laminae markedly deviate from the 
shoot axes, probably due to the changes in the lamina joints, that is, an 
increment of angles between the laminae and the shoot axes is brought about 
conspicuously greater than that of vertical position. From these aspects it is 
very interesting to elucidate physiological actions elicited in the lamina joints 
in relation to auxin economy. The author made an attempt to explain the 
nature of this region, using rice plants. Takeda (1929) has previously found 
that the geotropism of rice seedlings is influenced by dyes. Roberts (1959) 
has reported effects of plant growth regulators. But the behaviour of the 
lamina joints placed in horizontal position remains to be elucidated in 
reference to auxin actions. In this paper preliminary experiments were per- 
formed to clarify the behaviour of the excised leaves responding geotropi- 
cally, to resolve the role of the lamina joints in the behaviour and its rela- 
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tionship to temperature conditions, and to determine the change in fresh 
weight during the treatment. 


Material and Methods 


The experimental rice plants Oryza sativa of Aichi Asahi variety were cultivated 
in a growth chamber. Seeds were soaked in water for 48 hours at 30°C and were 
planted in sand irrigated by tap water. They were kept at 25+1°C or 30+1°C in 
80 to 90 per cent humidity and illuminated (1500 to 2500 lux), natural diffuse light 
being continuously supplemented with fluorescent lamps. Plants having two fully 
expanded leaves were selected after 9 days or 12 to 13 days after seed soaking, 
having been grown at 30°C or 25°C respectively. The second green leaves, which 
were used in all experiments, showing laminae and sheaths which were straight 
along the shoot axes were removed from each of the plants. Then the leaf sheaths 
were cut off 2 cm. below the lamina joints. The laminae were left intact. In short, 
general explants consisted of the intact laminae, the lamina joints and 2 cm. of the 
sheaths. Only general methods are described here; specific methods will be dis- 
cussed in conjunction with individual experiments. 


An estimation of angles between the laminae and the sheaths 


In an attempt to control a deviation of the laminae from the initial status of the 
explants, the explants were placed in horizontal position, occasionally in vertical 
and inverted ones. In order to be placed horizontally 20 explants were floated in 
20 ml. of distilled water filled in a Petri dish 7.5 cm. in diameter. To place the 
explants in vertical or inverted position as the case demanded, the orientation of 
the excised leaves was made in such a way that the explants were fixed with cero- 
tape either at the sheath (for the vertical position) or at the lamina (for the 
inverted position) on the outside edge of a Petri dish 2 cm. in diameter which had 
previously been placed in a Petri dish 4 cm. in diameter filled with distilled water. 
Principally, lots each consisting of 20 explants were used in each of the experiments. 
These Petri dishes were incubated for various hours in darkness at various tem- 
peratures. After the treatments, amounts of the deviation of the laminae from the 
plane of the sheaths were measured by the protractor. The accuracy of the measure- 
ments is within 0.5 degrees. 


An estimation of water contents 


The general explartts which were straight in stature were obtained from 9-day-old 
plants grown at 30+1°C. Fresh weights of the explants were weighed before and 
after they were floated in distilled water for 48 hours. Then their dry weights were 
obtained in each lot of 20 explants, after they had been dried at 105°C—110°C for 
1 hour. On the other hand, 9-day-old seedlings possessing intact roots were placed 
horizontally together with their container for 24 hours. After that the general explants 
which were curved in stature were cut off from the treated plants. Then the fresh 
and dry weights of each lot of 20 explants were determined and compared with the 
initial values. 
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Deviation of laminae and temperature 


When a rice leaf is placed horizontally, the lamina shows an indication 
of deviation from the shoot axis. To clarify whether this deviation, an incre- 
ment of the angle between the lamina and the sheath, is dependent upon 
temperature, and, if so, to determine which temperature elicits the deviation 
most profoundly, the explants were incubated at different temperatures for 
various hours. The explants, sampled from 13-day-old plants grown at 25°C, 
were floated in distilled water at 5°, 10°, 15°, 20°, and 30°C respectively. 
After the incubation periods of 24, 48, and 72 hours, the angles between the 
laminae and the sheaths were estimated. In the case of incubations at 5° and 
10°C, no deviations were found even after 72 hours from the beginning of 
the treatments. At 15°C, a slight deviation was noticed. An angle of about 
12 degrees was measured after the experimental period of 48 hours and of 
27 degrees after that of 72 hours. As the temperature of incubation becomes 
higher, the angle increases. At 25° and 30°C the angles underwent a prompt 
and rapid increase, after 48 hours they reached nearly the maximum values, 
but further marked increases were not observed (Figure 1). When the 
explants obtained from 12-day-old plants were incubated at higher tempera- 
tures, that is, at 30°, 35°, 40°, and 45°C respectively, it was observed that 
the angles reached maxima after 48 hours in the case of incubations at 30° 
and 35° C, but the angle at 40°C was slight and at 45°C scarcely any angle 
was observable (Figure 2). It is, therefore, ascertained that the deviation is 
dependent upon temperature. The deviation occurs so conspicuously at tem- 
peratures from 25°C to 35°C that 30°C is considered to be an optimal tem- 
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Figure 1. Angles between laminae and sheaths 
in excised rice leaves 24, 48, and 72 hours 
after floating in distilled water at various 
temperatures. Means of estimates of 20 ex- 
plants. —O-—: after 24 hours, —-X-—: after, 48 
ol hours and —A-: after 72 hours. 

5 10 15 20 25 302€ 


Physiol. Plant., 13, 1960 


= 
© 


% 
is) 


GEOTROPIC REACTION OF EXCISED RICE LEAVES 207 


100 
60 
un 
u 60 
5 
Figure 2. Angles between laminae and sheaths W 60 
in excised rice leaves after floating in distilled 
water at 30°, 35°, 40°, and 45°C for various 
hours. Means of estimates of 20 explants. 20 
—X—: at 30°C, —A—: at 35°C, —@-: at 40°C 
and —O—: at 45°C. OL 


perature necessary to induce the deviation of the laminae in a gravitational 
field. Accordingly, all the experiments were henceforth performed at 30°C. 


Function of the lamina joints 


Supported by the fact that the deviation of the laminae in the excised leaves 
in horizontal position is caused by an extension of the adaxial side of the 
lamina joints, the following experiment was performed to investigate the 
role played by the lamina joints in the deviation. To determine whether or 
not any other part of a leaf than the lamina joint has any influence on the 
deviation of the lamina, explants with the laminae or the sheaths cut off 
2 mm. either above or below the joints, or again 2 mm. both above and 
below the joints, were compared with those having the laminae intact and 
the sheaths 2 cm. long. 

The explants were sampled from 12-day-old plants cultivated in the growth 
chamber at 25°C. They were floated in.distilled water in darkness at 30°C. 
The angular degrees between the laminae and the sheaths after the experi- 
mental period of 48 hours are shown in Table 1. In the case of explants with 
reduced sheaths, some were floated in distilled water with the adaxial side 
of the laminae turned upwards, and the others with the abaxial side upwards. 


In the explants with the laminae reduced the angles are about 15 per 
cent smaller than in those consisting of intact laminae and sheaths 2 cm. 
long (general explants). But in the explants with the sheaths reduced the 
angles were about the same as in the general explants, although when the 
adaxial side was directed upwards, they are slightly smaller than when the 
abaxial side was directed upwards. However, it may be concluded that the 
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Table 1. Angles between laminae and sheaths in excised rice leaves after floating in dis- 
tilled water for 48 hours in darkness at 30°C. Means of estimates of 40 explants. 


Explants consisted of Anguler Per cent 
lamina joint with degrees for control 

Intact lamina and 2 cm. of sheath (Control)| 81.5 + 1.4 100 
Reduced lamina and 2 cm. of sheath ...| 69.1 + 1.7 84.8 
Intact lamina and reduced sheath (adaxial 

side directed upwards) ..................... 79.0 + 1.6 96.9 
Intact lamina and reduced sheath (abaxial ; 

side directed upwards) ..................... 84.2 + 1.4 103.3 
Reduced lamina and reduced sheath ...... 78.1 + 1.5 91.8 


angular degrees are almost independent of the difference in the direction 
taken by the two sides when floating, because the difference of the angles 
was slight. It is therefore clear that, whether the length of the sheaths are 
2 cm. or 2 mm., no dependence of the sheath on the deviation is revealed. 
Accordingly, it is expected that the laminae may be a factor partially con- 
trolling the extension of the adaxial side of the lamina joints. In the explants 
with both the laminae and the sheaths reduced the angular decrease amounted 
to 10 per cent. It showed about the same magnitude as in the case of the 
explants with only the laminae reduced. It is most probable that the lamina 
joints have an important function in inducing the deviation more than the 
other parts do. 


The deviation of the laminae in vertical and inverted position 


The following experiment was undertaken with explants sampled from 
13-day-old plants grown at 25°C. The general explants were fixed in vertical 
position by the method previously mentioned. At the same time some of the 
explants with 5 mm. of laminae and 5 mm. of sheaths were fixed in vertical 
and the others in inverted position. The experiment was performed at 30°C 
in darkness. In the case of vertical treatment no notable difference of the 
deviation of laminae was found between the general explants and those with 
5 mm. of laminae and 5 mm. of sheaths. However, the difference between 
the angles brought about by the two methods of treatment was that the 
angle produced in the inverted treatment was nearly twice as great as that 
induced in the other treatment (Table 2). This result confirms that the 
increase in the deviation, since it is associated with the change in the lamina 
joints induced not only by horizontal treatment but also by the inverted one, 
takes place as a result of geotropic reaction. 
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Table 2. Angles between laminae and sheaths in excised rice leaves after fixing in vertical 
and inverted position for 48 hours in distilled water in darkness at 30°C. Means of 
estimates of 20 or 40 explants. 
——————— ee 


Exp | Exp. 2 
Explants consisted of Placed | No. of à = 
lamina joint with in leaves Angle Per cent Angle Per cent 
degrees increase degrees increase 
a 

Intact lamina and 2 cm. 

Otesheathmes esc 23: Vertical 20 43.8 + 2.1 100 34.5 + 2.2 100 
5 mm. of lamina and 5 

mm. of sheath........... Vertical 40 46.0 + 1.5 105 37.3 + 1.6 108 
5 mm. of lamina and 5 

mm. of sheath........... Inverted 40 80.9 + 1.6 184 73.3 + 2.7 | 212 


Changes in fresh weight 


In an effort to make clear the factors corresponding to the deviation of 
the laminae, changes in water contents of the explants during incubation 
were determined. Their water contents were computed from both initial and 
final weights, fresh and dry. 

From Table 3 it is clear that horizontal treatment in distilled water for 
48 hours results in an increase of fresh weight, but a change in dry weight 
is little observed. Therefore, it is probable that the increase in fresh weight 
is mainly attributed to a change in water contents. To find out whether the 
change in water contents of excised leaves takes place in the lamina joints 
or in any other parts, each of the explants was cut and divided into two 
parts, the lamina joint with 2 mm. of lamina and 2 mm. of sheath, and the 
rest of the explant, i.e., lamina and sheath. These two parts were then 
separately incubated. Fresh and dry weights of the separated parts were 
measured before and after they were floated in distilled water for 48 hours. 
The change in water contents of each part is shown in Table 4. It is ascer- 
tained that the change in water contents in the lamina joints is considerable. 


Table 3. Changes in water contents of excised rice leaves consisting of intact laminae, 
lamina joints and 2 cm. of sheaths during floating treatment in distilled water for 48 hours 
at 30°C in darkness. All weights are expressed as mg. per 20 leaves. Means of 5 replicated 


experiments. 
Water content | 
Condition Fresh wt. Dry wt. Water content ERTL | 
Initial ...... 112.9 + 1.5 16.8 + 0.6 96.1 + 1.5 | 85.1 
ina oder 125.0 + 1.3 15.8 + 0.8 109.2 + 1.1 87.4 
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Table 4. Changes in water contents of lamina joints with 2 mm. of laminae and ? mm. 

of sheaths and of the other parts of excised rice leaves during floating treatment in 

distilled water for 48 hours at 30°C in darkness. All weights are expressed as mg. per 20 
leaves. Means of 5 replicated experiments. 


eS 


Fresh wt. Dry wt. Water content 
Parts of leaves : =. : = 3 
Initial Final Initial Final Initial Final 
ee eS oe 
Lamina joint ...... 13.1 + 0.4 20.1 + 0.3 | 2.8 + 0.1| 2.4 + 0.1110.3 + 0.4) 17.7 + 0.3 
Lamina and sheath| 104.5 + 0.9 | 108.2 + 1.5 |18.6 + 0.3117.5 + 0.1/85.9 + 0.8} 90.7 + 1.3 


Total... sce 117.6 128.3 21.4 19.9 96.2 108.4 


Table 5. Comparison of water contents in excised rice leaves obtained before and after 
the deviation of the laminae being induced by placing 9-day-old seedlings for 24 hours 
horizontally. All weights are expressed as mg. per 20 leaves. Means of 10 replicated 


experiments. 
Rs Water content 
Condition Fresh wt. Dry wt. Water content Ss ee LOD 
Fresh wt. 
Initial ...... 100.9 +- 1.1 20.4 + 0.2 80.5 + 1.1 79.8 
Finale 105.7 + 0.6 19.8 + 0.2 85.9 + 0.4 81.3 


The above data obtained from the explants subjected to horizontal treat- 
ment under water-saturated condition were compared as regard the change 
in water contents with those obtained from the explants taken from intact 
plants, possessing intact roots, placed horizontally together with their con- 
tainer. In the intact plants the deviation of the laminae from the shoot axes 
induced during 24, 48, and 72 hours were 61.0, 69.4, and 73.1 degrees, 
respectively. A result of the explants taken from the intact plants treated 
horizontally is shown in Table 5. Similarly, a rise in water contents is in- 
dicated after 24 hours, because of an increment in fresh weight in spite of 
the lack of change in dry weight. From the result it may be assumed that 
the changes in fresh weight and water contents of excised leaves, though 
they amount to little, are caused by horizontal placement exactly as in water- 
saturated condition. 


Discussion 


When the excised leaves of rice seedlings are placed horizontally, the 
deviation of the laminae occurs, and the angles between the leaf sheaths and 
the laminae increase. This fact is attributed to the extension of the adaxial 
side in the lamina joints of rice, due to being exposed to the gravitational 
force. This holds true in the case of the explants in inverted position. 
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A response of petioles of Tropaeolum maius to gravity is 30 per cent 
greater with their ventral flanks upward than with their dorsal flanks upward 
(Brauner and Vardar 1950). In this experiment, however, no significant dif- 
ference could be observed in the angles of the deviation induced by horizontal 
placement of the laminae whether the adaxial side was directed upwards or 
the abaxial one. 

In an effort to determine which parts of the excised leaves perceive gravity 
and subsequently react, explants varying in size, some consisting of intact 
laminae, lamina joints and 2 cm. of sheaths, and the others with laminae 
and/or sheaths reduced, were compared (Table 1). There was no difference 
in the extents of the deviation in the detachment of the sheaths, but the 
detachment of the laminae resulted in a decrease by 15 per cent. Some 
indications have been proposed with reference to the functions of laminae 
in tropic responses of leaves. In a study of diaphototropic orientation of 
leaves in Malva neglecta Yin (1938) has concluded that the movement 
inducing this orientation takes place only in the lamina joint and that the 
lamina is the organ of perception for light. The claim of perception organ 
is in contradiction to the result of the study by Brauner and Vardar (1950), 
in which in vertical movement due to the epinastic and tropistic reactions 
in leaves of Tropaeolum maius the lamina is alleged to participate partially 
in this movement but not to be a perceptive organ for tropic stimulus, acting 
solely as a source of auxin for the petiole. The assertion that the lamina is 
an auxin-source has been confirmed by results obtained by Yamane (1938, 
1939) in his studies of a horizontal movement of leaves of Fatsia japonica, 
by Yin (1941) in his studies on a nyctinastic movement of the leaves of 
Carica papaya and by Kuse (1953) in phototropic and geotropic curvatures 
of petioles of Ipomoea batatus. In our material here the laminae seem to 
operate as a part of auxin-source, but this operation is clearly minor com- 
pared to that: of the lamina joints. The author commenting on the possible 
nature of geotropism in the excised rice leaves is of the opinion that the 
deviation of the laminae is mainly dependent on the lamina joints and that 
the lamina joints may be perceptive to gravity and act as organs of reaction. 
It is, therefore, reasonable to infer a production of auxin in the lamina joints. 
Such an assumption may be supported by a result obtained by Schmitz 
(1933) that there is a production of substances which avena coleoptiles are 
sensitive to in nodes of grasses exposed to geotropic stimulus. 

Bünning and Leinweber (1956) and Bünning and Tazawa (1957) have 
indicated in leaf movements of Phaseolus multiflorus that the endogenous 
rhythm has weak temperature-dependency. Rufelt (1957) has proposed that 
in wheat roots both the plagiotropic deviation in vertical position and the 
negative curvature in horizontal placement are decreased with decreasing 
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temperature, but these reactions have nothing to do with auxins. The result 
of our work has indicated that the deviation of rice laminae is dependent 
on the experimental temperature and is most likely at 25° to 35°C. There 
is no doubt that the deviation of laminae in rice leaves has temperature- 
dependency as well as the leaf movement of Phaseolus and the tropic curva- 
ture in wheat roots. It is therefore expected that an unknown chemical reac- 
tion may play a role in the deviation of laminae as suggested by Brauner 
and Hager (1958). 


From additional evidence obtained from the estimation of water contents 
it is feasible that an increase in water contents is brought about by geotropic 
stimulus due not only to floating the excised leaves in distilled water, but 
also to placing the seedlings horizontally. This increment of water contents 
is very remarkable in the lamina joints, being 70 per cent greater than the 
initial value. This emphasizes that the lamina joints of the excised leaves 
chiefly perceive the stimulus, owing to their horizontal placement, and sub- 
sequently evoke a reaction within a definite temperature. As a result of this, 
an extension in their adaxial side and an increase in water uptake in the 
region occur. However, there is no clear evidence whether the suitable tem- 
perature is required in the perception of stimuli or in the subsequent reaction. 


If the change in the lamina joints is based on an existence of endogenous 
auxin induced by the geotropic stimulus, it seems probable that the cessation 
of further deviation after 48 hours is associated with the consumption of 
the endogenous auxin. In view of a possible relationship to growth substances 


in the lamina joints further investigation on the deviation would be of 
interest. 


Summary 


The deviation of two kinds of laminae in the second leaves of Oryza sativa, 
one cut off from the green seedling, the other intact, is investigated in the 
gravitational field. Since there is pronounced increase in angles of devia- 
tion of laminae from the plane including sheaths, over the range of experi- 
mental temperature from 25° to 35°C, and a falling-off of it at higher and 
lower temperature, it becomes evident that the angular degrees are largely 
dependent upon the temperature in which the excised leaves are incubated. 
In the absence of laminae a slight decrease of angle appears, but irrespective 
of the absence of sheaths, no difference is actually found. It is evident that 
the lamina joints are functioning as the main organs of the deviation. From 
the fact that no further increment shows itself 48 hours after the incubation, 
it may be justifiable to conclude that endogenous auxin is exhausted in the 
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lamina joints floated in distilled water. It is also established that the angular 
increment occurs in the inverted treatment as well as in the horizontal one. 
Addtional evidences have further indicated that the fresh weight of excised 
leaves increases with the deviation of laminae, especially in the lamina joints. 
The same fact has also been shown in the intact leaves. 


The author is much indebted to Assistant Professor M. Shimizu for his favourable 
suggestions. 
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Introduction 


In a previous paper (Maeda 1960) the geotropism of excised rice leaves and 
the influence of temperature upon the deviation of the laminae has been 
described. The experimental evidence has shown that after an experimental 
period of 48 hours there is no further increase in the deviation induced by 
geotropic stimulus in distilled water at 30°C. The author could make certain 
deductions from this fact: if the deviation of the laminae is dependent on 
the existence of auxin-like substances in the lamina joints, the cessation of 
further deviation might be expected to be due to the consumption of endo- 
genous auxin in the lamina joints within 48 hours of floating in distilled 
water at 30°C in darkness and that a further increase might be elicited by 
the addition of growth-promoting substances. If the cells in the lamina joints, 
having exhausted endogenous auxin, are responsive to auxins applied exter- 
nally, it could be postulated that the plagiotropic deviation responding to 
gravity may be regulated by auxin-like substances. In view of possible rela- 
tionship to growth-promoting substances in the geotropism of excised leaves, 
a further investigation on the deviation of the laminae would be of interest. 
In a study on the lamina joints in rice a suggestive result that gibberellin is 
responsible for changes in this region has been reported by Imura (1940). 
He has found that in “Bakanae-diseased” rice seedlings infected with Gib- 
berella fujikuroi the angles between the laminae and the shoot axes are 
larger than those in healthy seedlings. Similarly, in rice plants sprayed with 
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2,4-D at high concentration, we have often observed in the injured plants 
that the lamina joints are affected by this substance, the laminae bending 
more abaxially. Therefore, it would be interesting to investigate the lamina 
joints in relation to auxin and gibberellin. In this paper the influences of 
auxins upon the behaviour of the lamina joints, especially the interaction of 
gibberellin and auxins, have been studied. 


Material and Methods 


This work was carried out with rice plants Oryza sativa of Aichi Asahi variety 
cultivated by the same method as was described before (Maeda 1960). Lots, each 
consisting of 20 excised, second leaves of 9-day-old plants grown at 30°C were 
used. The excised leaves consisted of intact laminae, lamina joints and 2 cm. of 
sheaths. The experiments were performed by a method in which the effect on the 
lamina joints of 3-indoleacetic acid (IAA), 3-indolebutyric acid (IBA), a-naphthalene- 
acetic acid (NAA), 2,4-dichlorophenoxyacetic acid (2,4-D), 2,3,6-trichlorobenzoic 
acid (TCBA) and gibberellin (supplied by The Kyowa Fermentation Industry Co. 
Ltd.) respectively at various concentrations was tested, and moreover the interaction 
of those auxins with gibberellin was studied. Concentrations of auxins were from 
0.001 mg/l. to 100 mg/l. In the study of gibberellin-auxin interaction, gibberellin 
was used at final concentrations from 0.1 mg/l. to 100 mg/l. These experiments 
involved two successive treatments. In the first place, the excised leaves were floated 
in 20 ml. of re-distilled water for 48 hours in darkness, then they were transferred 
and floated for 48 hours in darkness again, some in the test solution of auxins, 
others in that of gibberellin, and still others in that of auxin and gibberellin mixed, 
the quantity of the solutions being 20 ml. each, and the concentration degree varying 
in each solution. After the treatments angles between the laminae and the sheaths 
were determined by the same method as described in the previous paper (Maeda 
1960). 


Results 


Action of gibberellin on the deviation of laminae 


In this paper the interaction of auxins and gibberellin, in addition to the 
effects upon the deviation of the laminae from the plane of the sheaths, has 
been shown. After preliminary trials the experiments concerning the influen- 
ces of auxins upon the deviation have shown that auxins are effective in 
furthering the increment of the deviation after the 48 hours of floating in 
re-distilled water. For this reaction the optimum auxin activities were at the 
concentration of 10 mg/l. of IBA, NAA and 2,4-D respectively, and there was 
a falling-off of the effect at higher and lower concentrations. However, gib- 
berellin at concentration less than 10 mg/l. had no effect on the deviation, 
but a slight effect was observed at the concentration of 100 mg/l., as the 
results of 5 replicates showed. 
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Table 1. Angles between laminae and sheaths in excised rice leaves floated in solutions of 

1AA and gibberellin at various concentrations, alone and in combination, for 48 hours at 

30°C in darkness, pretreated in re-distilled water for 48 hours. Means of estimates of 
20 explants. 


IAA Gibberellin concentration mg/l. 
concentration mg/l. 0 0.1 1 10 100 
ns when ln nn en an u nn u 
0 81.1 81.6 80.7 81.3 83.8 
0.1 80.6 76.8 78.4 82.6 87.1 
1 81.3 81.8 83.5 85.5 97.6 
10 109.7 108.0 101.8 ° 111.1 108.4 


100 93.7 86.5 83.6 87.1 86.6 


Supported by these results, more careful experiments have been carried 
out to find out the interaction of auxins and gibberellin in the lamina joints. 
When the excised leaves which appear to have consumed their endogenous 
auxin during floating period of 48 hours in re-distilled water are treated 
with combined solutions of IAA and gibberellin at various concentrations, 
an enhancement of IAA action by the combination is exhibited in the devia- 
tion. In the combination of IAA at 0.1 or 1 mg/l. with gibberellin at 100 mg/l., 
a pronounced effect on the deviation is shown (Table 1). Here it has been 
found that at the concentration less than 10 mg/l., the gibberellin by itself 
has no effect, but even 1 mg/l. and 10 mg/l. of gibberellin when combined 
with 1 mg/l. of IAA can evoke a slight response. However, in combination 
with optimum auxin concentration (10 mg/l.) no effect of gibberellin, even 
at 100 mg/l., is found. In the case of combination with the highest concentra- 
tion of IAA (100 mg/l.), differing strikingly from the case of combination 
with low concentration of IAA, a range of gibberellin concentrations causes 
less deviation than IAA by itself does. It is clear that the decline of the devia- 
tion of the laminae due to the supraoptimum IAA becomes more notable 
in the presence of gibberellin. From the above results it is probable that the 
gibberellin effect upon angles between laminae and sheaths is manifested 


variously according to coexistence of gibberellin with different concentra- 
tions of IAA. 


Auxin concentrations and action of gibberellin 


Based on the result described above, more rigid experiments were per- 
formed with a wider range of concentrations of IAA, IBA, NAA, and 2,4-D, 
in combination with 100 mg/l. of gibberellin. To eliminate an influence 
arising from self-destruction of IAA during the treatment, it was renewed 
24 hours after the treatment in the combined solution of IAA and gibberellin 
had been started. From Figures 1, 2, 3, and 4 relatively little effect could be 
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Figure 1. Effect of combination of IAA and gibberellin. Angles between laminae and sheaths 
in excised rice leaves floated in the combined solution for 48 hours at 30°C in darkness, 
pretreated in re-distilled water for 48 hours. IAA concentrations from 0.001 mg/l. to 
100 mg/l. and gibberellin concentration of 100 mg/l. were combined. —9-: IAA alone, 
—X—: combination of IAA and gibberellin and —-A-: increase of angles in combination. 


observed at concentrations from 0:5 mg/l. to 1 mg/l. of IAA, IBA, NAA, and 
2,4-D. Each portion of auxin had an optimum activity at 10 mg/l. The result 
was that the concentration action curve obtained from the treatment in the 
solution of auxin by itself was different from that obtained from the treat- 
ment in the combined solution. The maximum angles were manifested in 
low concentration of auxins in the presence of gibberellin. The effect was 
indicated as a further increment of auxin-induced angles, which was cal- 
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Figure 2. Effect of combination of IBA and gibberellin. Procedure and concentrations of 
substances are the same as in Figure 1. -0-: IBA alone, —X-: combination of IBA and 
gibberellin and —A-: increase of angles in combination. 
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Figure 3. Effect of combination of NAA and gibberellin. Procedure and concentrations of 
substances are the same as in Figure 1. -O—: NAA alone, —X—: combination of NAA and 
gibberellin and -A-: increase of angles in combination. 


culated by the difference between the angle induced by auxin alone and that 
induced by the combination of auxin and gibberellin. The further increment 
of the deviation due to this combination was significantly revealed at the 
concentration from 0.1 mg/l. to 1 mg/l. of auxins, while auxin alone showed 
slight activity at the same concentration range. Such a combination effect 
was indicated even at 0.01 mg/l. and 0.05 mg/l. of auxins, whereas auxin by 
itself at these concentrations did not show any action. However, in the 
presence of 5 mg/l. of auxins that had excellent effects by themselves, the 
combination effect was less than that at lower concentrations. When gib- 
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Figure 4. Effect of combination of 2,4-D and gibberellin. Procedure and concentrations 
of substances are the same as in Figure 1. -0-: 2,4-D alone, -X-: combination of 2,4-D 
and gibberellin and —A-: increase of angles in combination. 
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berellin was combined with optimum and supraoptimum concentrations of 
auxins, though more than additive effects could be shown when combined 
at lower concentrations, it was observed that the deviation induced by the 
combination was smaller than that induced by auxin alone. From this fact 
it is clear that gibberellin suppresses the effect of auxin alone at the optimum 
and supraoptimum concentration range, with the exception of 2,4-D at opti- 
mum concentration. Accordingly, there is no positive relationship between 
auxins and gibberellin in the range of supraoptimum concentrations, but 
gibberellin behaves negatively. Yet, in the highest concentration of auxins 
such depressive effect was only slightly revealed. Consequently, the effect 
of the combination of auxins and gibberellin is represented variously by 
differences in the auxin concentrations, that is, in a lower auxin concentra- 
tion gibberellin exerts more than an additive effect, while in optimum and 
supraoptimum auxins it weakens the action of the auxins. 


Interaction of IBA and NAA 


Furthermore, an interaction of auxins on each other in the excised leaves 
was examined to ascertain whether the greater deviation of the laminae than 
the additive one that was brought about by auxin-gibberellin interaction, as 
indicated in the foregoing experiments, was attributable to a particular action 
of gibberellin or not. The result of interaction of NAA and IBA in the excised 
leaves is shown in Figure 5. Here it should be noted that both of these auxins 
have the property that, when combined with gibberellin, they exhibit more 
than an additive effect. From the figure it is clear that in the presence of 
1 mg/l. of NAA, which evokes as little response as 100 mg/l. of gibberellin, 
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Figure 5. Effect of combination of IBA and NAA. NAA concentration applied is at 1 mg/l. 
The rest of procedure and concentrations of IBA are the same as in Figure 1. -0=: IBA 
alone, —X—: combination of IBA and NAA and —-4-: increase of angles in combination. 
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no effect of the combination beyond the additive one was shown with regard 
to IBA at low concentrations, but this may not be the case with regard to IBA 
at the concentration of 5 mg/l. At optimum and supraoptimum concentration 
of IBA no variation in the deviation was found regardless of the presence of 
NAA. This result indicates that there is no such synergistic effect between 
auxins as the one characteristic of gibberellin added to auxin. 


TCBA concentrations and action of gibberellin 


Since it was apparent from Table 2 that TCBA as well as those auxins 
mentioned above is a substance having an effect on the deviation at 10 mg/l., 
an experiment involving an interaction of TCBA and gibberellin has been 
carried out with a view to comparative study. From Figure 6 it is clear that 
TCBA is also responsible for the deviation, though with only a slight sensi- 
tiveness, and for this reaction the optimum concentration is at 50 mg/l. It 
is evident that gibberellin produces more than an additive effect even in com- 
bination with TCBA. The further increment reaches its maximum in com- 
bination with TCBA at 5 mg/l. while with TCBA alone this concentration 
has only slight effect. Here the 5 mg/l. of TCBA in combination with gib- 
berellin increases the deviation 1.2 times as much as it does by itself, but 
this increase is evidently minor compared with the increment effected by 
the combination of IAA, IBA, NAA, or 2,4-D at the concentrations from 
0.1 mg/l. to 1 mg/l. with gibberellin. In combination with TCBA at 50 mg/l., 
which induces an angle of about 100 degrees, gibberellin causes a reduction 
of the deviation; but in the case of combination with 1 mg/l. of IAA, IBA, 
NAA or 2,4-D, which concentration induces by itself about the same magni- 
tude of angle, gibberellin causes a very marked increases. If the effect of 
TCBA comes from a very weak auxin activity, it would be expected that the 
addition of gibberellin to 50 mg/lsof TCBA produces more than an additive 
effect. However, this has not been proved to be the case in the present experi- 


Table 2. Angles between laminae and sheaths in excised rice leaves floated in solutions 
of TCBA at various concentrations for 48 hours at 30°C in darkness, pretreated in re-dis- 
tilled water for 48 hours. Means of estimates of 20 explants. 


————— TE ————— 


TCBA i 
NR concentration mg/l. de 

0 0.1 1 wen 100 

1 74.9 75.4 74.1 79.4 86.3 

2 81.8 87.1 79.0 917 83.8 

3 83.0 79.1 84.9 89.1 84.0 

4 79.1 81.0 83.8 91.6 88.7 

Mean 79.7 80.7 80.5 88.0 85.7 
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Figure 6. Effect of combination of TCBA and gibberellin. Procedure and concentrations 
of substances are the same as in Figure 1. -O—: TCBA alone, —X~—: combination of TCBA 
and gibberellin and —4~—: increase of angles in combination. 


ment. It is very interesting that in the case of TCBA an inhibitory rather than 
an additive effect is evoked by the gibberellin. In general, gibberellin induces 
more than an additive effect both in combination with TCBA and with the 
other auxins at lower concentrations, and exhibits an inhibitory effect at 
optimum concentrations in both TCBA and the other auxins. However, the 
gibberellin effect on a given degree (100 degrees) of deviation of laminae 
made by TCBA is at variance with that made by the other auxins, gibberellin 
exerting an inhibitory effect in combination with TCBA but synergistic in 
combination with the other auxins. 


Discussion 


The fact that the excised leaves of rice which have exhausted endogenous 
auxin show significant response to exogenous auxin provides good evidence 
for participation of auxin-like substances in the deviation of the laminae. In 
our materials further deviation was caused by the addition of auxins. How- 
ever, some investigations have indicated with regard to Avena coleoptiles 
‘(Anker 1956, Henderson and Peterson 1957), leaf sheath basal regions of 
wheat (Maeda 1958), and oat and the other seedlings (Vander Beek 1959) 
that the curvature in various orthotropic organs induced by tropic response 
is decreased by addition of the growth substances. These two different be- 
haviours are to be ascribed to the presence of a dorsiventral structure in the 
lamina joints of rice leaves, and to the lack of it in the orthotropic organs. 
Brauner and Vardar (1950) have indicated that when a solution of IAA is 
applied to debladed petioles of Tropaeolum maius at their distal ends, 
epinastic and tropistic curvatures are increased. The behaviour of the petioles, 
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whose organs possess the dorsiventrality, is the same as that of our materials 
(i.e. lamina joints). 

The most notable feature of this work is that gibberellin has a striking 
effect on the deviation, adding to the effect due to exogenous auxins applied. 
Gibberellin combined with auxin causes promotion or inhibition of the 
deviation to be enhanced. Purves and Hillman (1958) have reported that 
there is a slight synergism shown between gibberellic acid and IAA in the 
growth of pea stem sections. Galston and Warburg (1959) have come to the 
same conclusion that gibberellic acid and IAA show a synergistic effect not 
only on etiolated pea stem sections when they are applied at different loci, 
but also on green pea stem sections. Clor, Currier and Stocking (1958) have 
indicated synergistic action of gibberellic acid and 2,4-D in the bean curva- 
ture test, in bean petiole elongation and in internode elongation of cotton 
seedlings. In our experiment the gibberellin effect on the deviation was the 
most remarkable, being more than additive when gibberellin is in combina- 
tion with low concentrations of auxins (0.1 mg/l. and 1 mg/l.), which values 
are close to the threshold concentrations for an increase of the deviation. 
This relation is also supported by the work of Weijer (1959). When IAA and 
gibberellic acid are simultaneously applied as sprays to Impatiens, the effect 
of gibberellic acid on the plant height is increased at low concentrations of 
IAA, but decreased with increasing concentrations. Hawever, Kato (1958) 
has proposed that gibberellin and auxin have an additive effect on elongation 
of etiolated pea stem sections when auxin concentrations are either low or 
optimum. Exploring whether or not gibberellic acid and auxins act in- 
dependently, Brian and Hemming (1957, 1958) have indicated that with 
dwarf pea grown in light gibberellic acid produces a significant effect only 
in the presence of IAA at nearly optimum concentration for this tissue, and 
they have shown that the effects of gibberellic acid and IAA are comple- 
mentary to each other. 

Contrary to the additive or the maximum effect of gibberellin in the pre- 
sence of auxin at nearly optimum concentration (Brian and Hemming 1957, 
1958, Kato 1958), with our materials no promoting effect of gibberellin was 
found when it was in combination with optimum concentration of auxins, 
but it did more harm than good, inducing a slight decrease of the deviation, 
though this was not the case with regard to 2,4-D. In combination with 
higher concentrations of auxins, a retarded effect of gihberellin becomes 
more significant. The suppressing effect of supraoptimum concentration of 
auxins on the deviation of rice laminae is enhanced by the presence of gib- 
berellin. But notwithstanding this fact, in shoots of Cucumis sativa seedlings 
there is a decline of growth inhibitions induced by supraoptimum concentra- 
tion of IAA and NAA with an application of gibberellin (Kato 1958). 
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Since there is a difference between the concentration-response curve with 
regard to the deviation of rice leaves and that regarding the extension 
evidenced in the other materials, it is necessary to take into consideration 
some of those works which assert that the gibberellin action is exhibited in 
association with some other factors as well as in relation to auxin concentra- 
tion. Vlitos and Meudt (1957 a) have reported that in etiolated pea stem the 
shoot apex is necessary to induce the excellent elongation of internodes 
treated with gibberellic acid. Gibberellic acid is also capable of overcoming 
the inhibitory effect of red light on the elongation of pea seedlings possessing 
intact roots and shoot apices, while such gibberellin effect is little or none 
whatsoever on the elongation of decapitated seedlings (Vlitos and Meudt 
1957 b). Whatever the mechanism of this effect may be, a participation of 
shoot apices in the gibberellin action is obvious. This may also implicate that 
gibberellin is active in the presence of auxin. In cuttings of Ipomoea batatus 
gibberellin promotes the elongation of petioles when leaf blades are present 
or IAA pastes substitute for the blades, whereas it does not exert its growth- 
promoting effect unless the tissues contain natural auxin or exogenous IAA 
(Kuse 1958). There is no doubt that the effect of gibberellin and auxin on 
growth is interdependent. The interaction of gibberellin and IAA is also 
represented in callus formation in the tissue excised from mesocarp of Citrus 
medica (Schroeder and Spector 1957). This tissue responds to a wider range 
of gibberellic acid when it is grown in the presence of exogenous IAA. With 
the combination of gibberellin and auxins more than an additive effect is 
exhibited in a certain condition of our excised green leaves as well as of some 
other materials. Such synergistic effect is characteristic of gibberellin, but it 
is not evidenced between auxins (Figure 5). 

Growth stimulation by chlorosubstituted derivatives of benzoic acid has 
been observed by some workers in several instances. Bentley (1950) has 
indicated high physiological activity of 2,3,6-trichlorobenzoic acid in growth 
of avena coleoptiles, and also Linser and Kiermayer (1956) using the paste 
method. Similarly, Pybus et al. (1959) have reported its high activity in 
several tests. It is interesting to note here that this substance is capable of 
inducing morphological changes in plants. Experimental evidences indicate 
that 2,3,6-trichlorobenzoic acid is able to evoke interesting modifications in 
bean shoots and to exert some effect in development of fern, though little 
special morphogenetic development is found (Wardlaw 1953, 1957). Besides 
2,3,6-trichlorobenzoic acid, 2,4,5-trichlorobenzoic acid is found to have a 
formative effect in Trifolium pratense (Linser, Kiermayer and Jarosch 1957). 
Zimmerman and Hitchcock (1951) have found using tomato plants that 
2,3,6-trichlorobenzoic acid brings about an increase in the angle between the 
treated leaf and stem and is effective in the cell elongation. And they have 
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further indicated that 2-bromo-3-nitro and 2,6-dichloro-3-nitrobenzoic acid 
are also active for cell elongation (Zimmerman, Hitchcock and Prill 1952). 
There is good evidence of an influence of these acids on the tropic response 
(Vander Beek 1959) and of an induction of apolar distribution of callus 
growth (Keitt and Skoog 1959). Applegate and Hamner (1957) have reported 
using Zinnia elegans that 1000 ppm of 2,3,5-trichlorobenzoic acid affects 
epinasty and other morphological changes. There is no doubt that with rice 
leaves it has some effect on the deviation of laminae. The result of this 
work shows some differences in the action between 2,3,6-trichlorobenzoic 
acid and the other auxins with regard to the interaction with gibberellin. 
This may lead to a good understanding of the action of these substances 
which induce morphological changes in plants. 

Consequently, it can be emphasized that gibberellin is responsible for geo- 
tropic behaviour of excised rice leaves. A suggestive result in “Bakanae- 
diseased” rice seedlings infected with Gibberella fujikuroi (Imura 1940) is 
of interest in reference to our findings, notwithstanding the fact that there 
is no effect of gibberellin upon epinasty of tomato petioles (Sumiki 1952, 
Kato 1953). It is therefore suggested, though not proved, that the increase 
in the angle between the lamina and sheath with no auxin applied externally, 
involving the changes in the lamina joints, i.e., an extension of the adaxial 
side of the joints and an increase in water uptake in this region, may be 
affected by the existence in the region of gibberellin-like substances as well 
as endogenous auxin and by the interaction of such substances. 


Summary 


This report treating the effect of gibberellin as a substance operating speci- 
fically in the deviation of laminaë in rice has been focused on its interaction 
with auxins in regulating the angles between laminae and sheaths. After 
lying horizontally for 48 hours in re-distilled water, the excised green leaves 
that may have exhausted endogenous auxin are applied with gibberellin and 
auxins at various concentrations. Evidence is obtained to show that the size 
of the deviation slightly increases at 100 mg/l. of gibberellin alone in 48 hours 
after the transfer. With regard to the effect on the deviation, gibberellin 
interacts with auxins, IAA, IBA, NAA and 2,4-D at various concentrations. 
This gibberellin action is synergistic at lower concentration of auxins, but 
suppressive at optimum and supraoptimum, while there is no such effect to 
be ascribed to auxins. Attention is also paid to an action of TCBA and its 
interaction with gibberellin. The response induced by TCBA indicates that 
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it has a very weak auxin activity, but its action is different from that of the 
other auxins concerning the interaction with gibberellin. 


The author is greatly indebted to Assistant Professor M. Shimizu for his favour- 
able suggestions and to Dr. Joyce A. Bentley, Scottish. Home Department, Marine 
Laboratory, who kindly supplied the 2,3,6-trichlorobenzoic acid, made use of in 
this paper. 
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Introduction 


The albinism in plants may be explained in most cases by an increased 
sensitivity of leaf pigments to light. Propigments or even functional pigments 
are synthesized by albino plants in the dark but stronger illumination results 
in the breakdown of the pigments followed by the “bleaching” of the leaf 
(15, 17). It is an established fact that the light sensitivity of the chloroplasts 
is different in genetically “normal” strains as well (27, 30), and in addition 
it is dependent on the age (8), nutrition. (1, 4), season of the assay (21), and 
microclimatic conditions (20). In case of extreme photosensitivity the cells 
are unable to replace the pigments broken down, their ability to synthesize 
carotenoids or chlorophyll being irreversibly lost, Electronmicroscopic studies 
revealed that in the albino plants the development of chloroplasts is normal 
at least at the beginning of the process. Later on they start to degenerate 
(32). Isotope studies led to the conclusion that the apparent constancy of 
pigment content is due to a dynamic equilibrium of rapid synthesis and 
breakdown (23). 

Recently much attention was devoted to the elucidation of the physio- 
logical basis of increased photosensitivity in albinos. A number of workers 
emphasized the probable role of abnormalities in the processes of cellular 
respiration. Studies on the action spectrum of the light-effect resulting in 
chlorophyll destruction indicated a maximal efficiency in the blue and blue- 
green region of the spectrum (25). This suggests that not chlorophyll but 
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probably iron porphyrines or copper containing enzymes serve as primary 
absorbants of the effective light energy. According to Eyster (12) the rapid 
decrease in catalase activity in illuminated albino tissues might be directly 
correlated with albinism. Appleman (3), on the contrary, rejects this pos- 
sibility, as pigment deficient strains have been found exhibiting catalase 
activities surpassing those of the normal strains several times. Weinstein 
(31) focusses our attention to the lower cytochrome oxidase activity of the 
albinos. The relation between cytochrome oxidase and chlorophyll syn- 
thesis is clearly indicated by a number of works carried out on normal 
plants (Krasnovsky 16, Duysens 11, Sissakian 29 and Chernavina 9). The 
role of copper containing oxidases in shown by the observations of Sarata 
(24) revealing a higher copper content in the albino part of variegated 
plants. 75 percent of the copper content of leaves is localized in the chloro- 
plasts (Neish 22). According to Arnon (3) the chloroplasts exhibit a very 
high polyphenoloxidase activity. 

Specific inhibitors have also been used to detect differences between the 
respiratory systems of green and albino tissues. Seltman (24) found that the 
respiration of green leaves kept in darkness or exposed to light is equally in- 
hibited by the specific poisons of iron-enzymes. By contrast, the respiration of 
albino leaves exhibited a marked sensitivity to these inhibitors only if cul- 
tivated in darkness. Light-grown tissues proved to be resistant to iron- 
enzyme poisons. 2,4-Dinitrophenol induced an almost 70 percent increase 
in Og-uptake in normal leaves which is in strong contrast to the behaviour 
of albino leaves exposed to light, the O:-consumption of the latter being 
insensitive to 2,4-DNP. Our recent studies into the differential effect of 
malonate on the intermediary metabolism of green and albino leaves also 
revealed significant differences in the oxidative metabolism of normal and 
albino tissues. The concentration of keto acids greatly decreased in the 
malonate-treated albino leaves, whereas the keto acid content of green leaves 
remained on the same level after malonate treatment (3, 13). 

Studies by Claes (7), Kandler (14), and Sironval (26) on Chlorella fur- 
nished further evidence as to the role of oxidative processes in pigment 
destruction. It is indicated that the destruction of pigments in both mutant 
and normal plants takes place only in the presence of O2 and is completely 
inhibited in Ng atmosphere. In normal plants a slow induction period pre- 
cedes pigment destruction initiated by high light intensities (above 50,000 
lux). At an early stage this process is reversible and it can in fact be reverted 
by lowering the intensity of irradiation. Later on, however, the breakdown 
of chlorophyll and carotenoids turns very rapid and the bleaching of leaves 
will be irreversible. 

On the basis of the above data a study of the process of pigment destruc- 
Physiol. Plant., 13, 1960 


PHOTOSENSITIVITY OF LEAF PIGMENTS 229 


tion and particularly that of the relation between the properties of the 
respiratory system and light-sensitivity of albino corn mutants seemed to be 
justified. 


Material and Methods 


Our experimental material consisted of corn strains obtained by inbreeding of a 
heterozygous albino material or by their free inter se pollination. The strains were 
maintained and propagated at the Experimental Station of the University of Buda- 
pest, Alsögöd. The heterozygous material segregated at the ratio 3:1. The homo- 
zygous albino individuals could be recognized from the lighter color of the endo- 
sperm. 

The seeds were germinated in the dark at 26°C. The seedlings at an age of 5 to 7 
days were used for the experiments. All the preparatory work was done in the 
presence of week yellow light. 

As a light source a low pressure Xenon lamp was used to initiate chlorophyll 
destruction. The different light intensities were produced by means of white filters 
and calibrated according to the “Bertram” photographic light-intensity scale cor- 
responding approximately to 0.5, 50, 500, 1,000, 3,000, 5,000, and 15,000 lux 
respectively. A light intensity grade 10 was used throughout the experiments on 
the effect of respiration inhibitors on pigment destruction. The plants were given 
an illumination for 2 hours in there experiments. 

The leaf pigments have been extracted according to Koski (15). Magnesium 
carbonate, corresponding to 8—10 °/o of the fresh weight of leaf tissues, was added 
to each sample and the samples were extracted in a mortar with 80 per cent aceton. 
Freshly distilled peroxide free ether was added to the homogenates and the extract 
decanted. In order to achieve complete extraction this procedure has been repeated 
twice. The aceton has been removed from the pooled extracts by repeated extrac- 
tion with water. 

The ether extract of the pigments was chromatographed on paper Whatman 1 
(chromatographic paper Sch. Sch. No. 2043 gave no satisfactory results). A mixture 
of benzene and petrolaether (3 : 1) was used as developing solvent (28). The chro- 
matograms were run in the dark in N; atmosphere. The carotenoid spots were 
extracted by chloroform and assayed photometrically at 420 and 480 mp. The 
results were calculated for f-carotene or they are given in extinction values per 
unit of fresh weight of leaves. The spots corresponding to chlorophylls were extracted 
by ether and the extracts pooled. The quantitative determination of chlorophylls 
was carried out according to Withrow (33). 

Respiratory inhibitors were dissolved in 0.005 M pH 4.6 phtalate buffer con- 
taining 1 per cent saccharose. Leaf pieces (5x5 mm) were floated on the surface 
of the solutions to be tested for one hour in the dark. Penetration of the inhibitors 
was indicated by their effect on the respiratory rate. By the end of the treatment 
the leaf pieces were washed in buffer solution. 

The data presented are averages of 3 to 6 consecutive experiments. The results 
were very well reproducible in qualitative sense. 
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Results 


The albino plants used in these experiments, when grown in darkness, 
developed green leaves. However, exposure to strong illumination resulted 
in the complete bleaching of the leaves within a few hours. 

To compare the light sensitivity of normal (homozygous dominant and 
heterozygous) and albino (homozygous recessive) plants the seedlings were 
given an illumination of various intensity for 2 hours. Changes in pigment 
concentration due to this treatment are shown in Table 1. 

As may be seen, there is an optimal light intensity for the development 
of pigments upon illumination in normal tissues. Highest carotenoid, proto- 
chlorophyll, and chlorophyll a concentrations have been found in leaves 
illuminated with a mediocre light intensity (grade 8). The accumulation of 
highest amounts of chlorophyll b was experienced at lower light intensities. 
The carotenoid content of albino leaves is decreased even at relatively low 
light intensity. Chlorophyll synthesis is poor in the albino tissues and their 
chlorophyll a/chlorophyll b ratio is lower than that of the green leaves. This 
may be explained by the finding that pigments at a higher oxidation level 
are less sensitive to light destruction. 

Paper chromatographic studies were started to identify the various pig- 
ments in normal and albino leaves. The data of spots found in long-run 
chromatograms are summarized in Table 2. 

On the basis of paper chromatographic experiment we came to the con- 


Table 1. The effect of various light intensities on the pigment content of normal and 
genetically albino corn seedlings grown in the dark. Carotenoids have been computed as 


B-carotene. 
en Light Pigment content j1/g. fresh weight 
material | intensity | Carotenoids Protochloro- | Chlorophyll | Chlorophyll Total chloro- 
phyil a b phyll 
Normal 0 27.3 6.4 0.5 0.0 6.8 
4 67.2 8.5 9.4 2.0 19,9 
6 72.3 19.2 19.0 4.0 42.2 
8 81.3 22.3 24.1 | 3.6 50.0 
10 58.4 10.4 15.8.2 i 2.8 38.5 
12 35.2 5.2 4.2 2.6 12.0 
14 15.3 3.0 2.6 2.0 7.6 
Albino 0 62.4 3.8 0.0 0.0 3.8 
4 67.6 2.2 1.0 1.4 4.6 
6 53.2 2.1 0.9 | 1.4 4.4 
8 48.4 2.7 1.6 2.3 6.6 
10 | 17.2 1.9 1.3 | 1.3 4.5 
12 5.6 1.6 OB res) 1.0 Sey 1 
14 | 3.8 0.9 0.7 | 0.7 2.3 
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Table 2. Chromatogram of leaf pigments of normal and genetically albino plants kept in 
the dark in the light respectively. 


a ———— 
Normal Albino 
SErtance Dark Illuminated Dark Illuminated 
Color Color 
Visible | U.V. | Visible | U.V. Visible U.V. Visible WES 
Rf 
0.9—1.0 — — — — — — — — 
0.8— 0.9 orange |brown orange |brown| greenish- | lemon- | greenish | yellow 
yellow yellow traces traces 
0.7—0.8 = = brown gray — = — — 
0.6—0.7 — — yellow |yellow — | = — = 
0.5—0.6 == = = = — — — = 
0.4—0.5 | bluegreen; red |bluegreen| red | bluegreen red — — 
0.3—0.4 — = = — = — == = 
0.2—0.3 green | green green | green green green = = 
0.1—0.2 = = = = = == = = 
0.0—0.1 == = = = = = = = 


clusion that the chlorophyll components of normal and albino leaves are 
identical. This conclusion is also supported by the investigation of the absorp- 
tion spectra of the isolated components. On the contrary, the carotenoid 
components of normal and mutant plants exhibited significant differences. 
On the chromatogram of dark grown normal seedlings an intense orange- 
yellow spot appeared, whereas on that of the albino ones a bright greenish- 
yellow carotenoid spot was found. When illuminated the normal leaves 
developed three distinct carotenoids. By contrast, only the fading greenish- 
yellow substance was to be found in the chromatogram of illuminated 
albinos. 

The chlorophyll components of both albino and normal tissues being 
identical, in our opinion, the striking differences in their carotenoid com- 
position might be (at least. partly) responsible for the increased light sen- 
sitivity of albinos. 

In order to get some information as to the nature of the carotenoid pigment 
of albinos the absorption spectra of the carotenoid components found in 
normal and albino tissues were studied (Figure 1). 

It may be concluded from the absorption curves that the various spots of 
the chromatograms probably contain more than one compound. A thorough 
study of the curves makes it likely that the upper carotenoid spot of normal 
leaves contains carotens the middle one (the most intense) consists of a 
mixture of xantophylls, whereas the lower spot corresponds to carotenoids 
of higher oxidation level. The absorption maximum of the carotenoid to be 
found in albino leaves are shifted towards shorter wavelength and the ab- 
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--- ALBINO 
03 — NORMAL 


Figure 1. Absorption spectra of caro- 
tenoid spots in chloroform eluted from 
the chromatograms of normal and al- 
bino leaves. 


350 400 450 500 550 mu 


sorption spectrum obtained resembles that of the carotenoid found by Claes 
(7) in a chlorophyll-deficient Chlorella strain. 


Recent ideas concerning the role of carotenoids in photosynthesis emphasize 
their possible participation in the transfer of light energy and oxygen (5, 6). 
To gain some information about the functional role of the carotenoid of 
albinos theeffect of O:-free environment on the pigment content of illu- 
minated corn seedlings was studied (Table 3). 


It may be inferred from the data that the level of carotenoids in normal 
seedlings is hardly affected by the absence of O2. This is sharp contrast to 
the behaviour of albino tissues. The carotenoid of the latter is broken down 
only in the presence of oxygen. Chlorophyll synthesis is greatly retarded in 
Ne-atmosphere and this might be an explanation for the low chlorophyll 
content of normal seedlings. The albino tissues are completely devoid of 
chlorophyll in the presence of O2. This is probably connected with the photo- 
destruction of carotenoids. 


Table 3. Pigment content of illuminated normal and albino corn seedlings as affected by 
oxygen or nitrogen atmosphere. 
EE 


Pigment content p/g. fresh weight 
Material | Atm. . ‚| Protochloro- | Chlorophyll | Chl 
Carotenoids phyll ER y | 6 RARE | Total chlorophyll 
Normal O, 26.3 5.4 4.8 | 2.7 12.9 
N, 27.4 4.7 2.3 1.4 8.4 
Albino O, 3.8 0.0 0.0 0.0 0.0 
N, 42.4 0.3 0.1 0.0 0.4 
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Table 4. Effect of respiratory inhibitors on the carotenoid content of normal and albino 
corn. E=extinction in ether per cm and g. fresh weight. 


a 


Normal Albino 

Treatment |Mu Dark Ilumin. um. Dark Iliumin. | um: 

E % E | % |dark| £ | % E y, | dark 
BU. 420 | 0.920 | 100 | 1.820 | 100 2.0 | 1.740 | 100 | 0.740 | 100 0.4 
480 | 0.890 | 100 | 2.050 | 100 2.3 | 0.100 | 100 | 0.021 | 100 0.2 
Buffer + DIECA | 420 | 1.730 | 188 | 1.960 | 108 1.1 1.910 | 110 | 1.880 | 254 1.0 
LOSS) MR a 480 | 2.220 | 248 | 2.460 | 120 1.1 | 0.088 | 88 | 0.083 | 396 0.9 
Buffer + CN ...... 420 | 1.700 | 185 | 1.890 | 104 1.1 1.650 | 95 | 0.480| 65 0.3 
1023. M... 480 | 2.080 | 234 | 2.440 | 119 1.2 | 0.047| 47 | 0.030 | 143 0.6 
Buffer + Iodoace-| 420 | 0.632| 69 | 0.650| 36 1.0 | 0.684] 39 | 0.300| 41 0.4 
tate 10—4M...| 480 | 0.567| 63 | 0.780| 38 1.3 | 0.047 | 47 | 0.058 | 276 1.2 
Buffer + malona-| 420 | 1.090 | 119 | 1.790| 98 1.6 | 0.778) 45 | 0.350| 47 0.4 
te 10=3M....... 480 | 1.250 | 141 | 2.040 | 100 1.6 | 0.022| 22 | 0.013| 62 0.6 
Buffer + fluorac-| 420 | 0.944 | 103 | 1.090| 60 1.2 | 0.550) 32 | 0.260 | 35 0.5 
etate 10-2M...| 480 | 0.930 | 104 | 1.100| 54 1.1 0,063 | 63 | 0.016 | 76 0.3 


It is clearly indicated by all what has been said above that the pigment 
destruction of the corn mutant investigated is closely associated with oxida- 
tive processes and in this connection it is similar to the mechanism of pig- 
ment breakdown in Chlorella described above (7, 26). Therefore the question 
arose which components of the oxidative system take part in the oxidation 
of carotenoids. To have a deeper insight into this problem specific enzyme 
inhibitors were used. The results of these experiments are summarized in 
Table 4. 

An interesting picture emerged from these studies. In normal leaves floated 
on buffer solution the content of carotenoids doubled upon illumination. In 
albino tissues it decreased by 50 per cent under identical conditions. Diethyl- 
dithiocarbamate (DIECA), a specific poison of copper oxidases, irrespective 
of illumination, promoted the synthesis of carotenoids in normal leaves and 
inhibited their breakdown in albinos. Cyanide, an inhibitor of heavy metal 
enzymes exerted a similar effect on normal plants and on albinos kept in 
the dark. By contrast, it did not affect the breakdown of carotenoids in 
albino tissues exposed to light. Iodoacetate, an enzyme poison blocking SH 
groups, promoted the destruction by illumination. The effect was most pro- 
nounced in illuminated albino tissues. Malonate, a competitive inhibitor of 
succinoxidase, does not affect the carotenoid level in normal leaves but 
stimulates the carotenoid destruction in albinos exposed to light. Fluor- 
acetate, a poison of aconitase, inhibits the increase in carotenoids in normal 
leaves. In albino tissues in the dark, but particularly in the light the carotenoid 


content is greatly decreased by fluoracetate. 
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Discussion 


The present study revealed that oxidative processes play a role in the 
pigment destruction of albino corn seedlings exposed to light. The pigment 
deficiency of illuminated albinos may be attributed to the increased light- 
sensitivity of the tissues leading to a rapid destruction of leaf pigments. 
A study into the nature of this increased sensitivity directed our attention 
to the abnormal carotenoid composition of albinos. The hypothesis is advanced 
that a connection exists between light induced chlorophyll destruction and 
the abnormal carotenoid composition of the albino tissues. This idea is based 
on recent studies suggesting a role for carotenoids as oxygen carriers in 
photosynthesis (18). As indicated by the studies of absorption spectra the 
light absorbed by the abnormal carotenoid is on a higher energy level and 
therefore light absorption may lead to irreversible oxidations. This explana- 
tion is supported by the observation that no colored or fluorescent sub- 
stances were found among the oxidation products of short wavelength enters 
the cells without “screening” and might destroy the cyanide-sensitive oxidases 
responsible for the regeneration (synthesis) of chlorophyll. This explains 
the low cytochrom-oxidase activity of albino tissues (31) and their low 
cyanide-sensitivity (24), also encountered in our studies. 


The effect of DIECA on the carotenoid content of normal and albino leaves 
focuses our attention on a hitherto unknown role of copper enzymes in 
carotenoid synthesis. 


Summary 


The pigment deficiency of albino corn seedlings is due to an extreme light 
sensitivity of albino tissues. 


The pigment destruction is an oxidative process. 


The increased light sensitivity may be explained by the abnormal caro- 
tenoid composition of the albino tissues. 

Studies on the effect of selective enzyme inhibitors on the carotenoid con- 
tent direct our attention to the probable role of copper enzymes in the syn- 
thesis of carotenoids. 


The activity of cyanide-sensitive enzymes in albino leaves is decreased 
upon illumination and this might affect the connection between dehydro- 
genases (Krebs cycle) and the synthesis of leaf pigments. 


The authors greatly appreciates the helpful criticism of Dr. G. L. Farkas, of 
Institute for Plant Protection. 
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Introduction 


Carbohydrates, in plant cells, are often assumed to be respired chiefly 
by a combination of glycolysis and the tricarboxylic acid cycle. If this is so, 
an intermediate in the breakdown should be “active-acetate” or the acetyl- 
coenzyme-A complex which is formed during the decarboxylation of 
pyruvate. Thus, although acetic acid cannot be regarded as an intermediate 
in carbohydrate oxidation, a closely related compound may be and one might 
expect some interaction between carbohydrate oxidation and acetate meta- 
bolism. 

Chlorella vulgaris oxidises both acetate and glucose rapidly and experi- 
ments were carried out, using substrates labelled with 1{C, in order to 
investigate the possible interaction. It was thought that the interaction would 
be demonstrated in two ways. Firstly, the addition of unlabelled acetate to 
cells respiring labelled glucose, should decrease the production of #CO>2 and, 
secondly, the acetate added in such an experiment should become labelled 
if acetate can be formed from glucose. However, although some interaction 
was found, it was often less than expected. In fact, the results indicate that, 
the cells oxidise added acetate by a pathway different from that by which 
added glucose is oxidised but the extent to which the pathways are separated 
depends on the physiological state of the cells. 
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Experimental 


Chlorella vulgaris, Pearsall’s strain, was grown in pure culture as described: by 
Syrett (1953). The growth medium contained 7.76 8. KH3PO,; 2.32 g. KgHPO,, 0.75 g. 
NH,NOs, 0.2 g. MgSO,, 0.2 g. Na-citrate, 12.0 mg. FeSO,, and 1.0 ml. of Arnons A4 
solution (Arnon 1938) per litre of glass distilled water. The pH, after autoclaving 
was 6.1. Generally the culture bottles were inoculated so that the initial cell density 
was «300—400 cells/cu.mm. and cultures were grown at 25°C in light of 600 f.c. 
intensity for 3 days. The cultures were then aerated for 16 hours in darkness in 
order to partially starve the cells of carbon before use. The cells were harvested 
by centrifugation at 500 g. washed and suspended in 0.067 M phosphate, pH 6.7 
containing 0.0025 M MgSO,. The cell density was measured turbidometrically. 

The radiochemicals were supplied by the Radiochemical Centre, Amersham, Eng- 
land. They were checked for radiochemical purity by paper chromatography. 

Oxygen uptake was measured, in darkness, by Warburg manometry. When radio- 
active substrates were added, the centre wells of the flasks contained CO,-free 
NaOH. At the end of the experiment, bound CO, was liberated by the addition of 
10 N H:SO, to the flask contents. The centre well contents were then collected, 
40 mg. Na,COs; added and the total carbonate was precipitated by the addition of 
BaCly. From this precipitate, infinitely thick sources of BaCO, were prepared and 
counted in proportional gas flow counter. 

Flow experiments were carried out by placing the cell suspension in a darkened 
tube, 150 mm. X25 mm. The tube was immersed in a water bath at 25°C and CO,-free 
air blown through the suspension at 10 litres/hr. After leaving the tube, the air 
passed through a sintered-glass bubbler immersed in 100 ml. 1-N NaOH (which 
was initially CO;-free). 10 ml. samples of soda were removed at intervals and BaCO; 
precipitated for counting after the addition of 40 mg. Na COs as carrier. Preliminary 
experiments showed that this system trapped all the CO, produced by the cells. 

Acetate was recovered from cell suspensions by steam distillation and purified by 
precipitation as silver acetate; this was then recrystallised from ethanol. This treat- 
ment was necessary to obtain material of constant specific activity; the specific 
activity was unaltered by further recrystallisation. The silver acetate was converted 
to BaCO, for counting, by the method of Katz, Abraham and Baker (1954). 

The intra-cellular compounds which became labelled when 'C-acetate or glucose 
is supplied were investigated by radioautography. The cell suspension was quickly 
filtered through a sintered glass crucible, using celite as a filter-aid, and the cells 
were washed with ice-cold water. They were then extracted with hot 80 °/o ethanol, 
20 °/o ethanol and water. The extract was concentrated and chromatogramed fol- 
lowing the procedure of Wilson and Calvin (1955). Radioactive compounds were 
located by placing the chromatograms on X-ray film and their activity estimated 
by counting the radioactive areas with a thin end-window Geiger counter. 

Citric acid was determined by the method of Taylor (1953). 


Results 
1. The effect of acetate concentration on the rate of respiration 


Acetate stimulates the respiration of Chlorella but high concentrations are 
inhibitory. At pH 6.7, an acetate concentration of 25—30 umoles/ml. was 
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found to give the maximum stimulation of respiration and this concentration 
was used in the experiments. The inhibitory concentration of acetate depends 
on the pH; at pH 4.5, 30 umoles/ml. is inhibitory but 3 umoles/ml. produces 
a strong stimulation of respiration. The rate of respiration is stimulated by 
glucose but the maximum rate is largely independent of glucose concen- 
tration. 


2. The respiratory quotient of acetate and glucose oxidation 


This was measured, at pH 6.7, by the Warburg direct method, acid being 
added at the end of the experiment to liberate bound COs. The R.Q. of endo- 
genous respiration was 1.01. When either glucose or acetate or both glucose 
and acetate were added, the R.Q. was 1.03 + 0.02. Consequently carbon dioxide 
production was assumed equal to oxygen consumption in these experiments. 


3. The interaction of glucose and acetate in “old” cells 


Several experiments were carried out with cells from cultures grown for 
three days in light and then aerated overnight in darkness before harvesting. 
These cultures were fairly dense (about 150,000 cells/cu. mm. and the cells 
had ceased growing exponentially. They will be referred to as “old” carbon- 
starved cells. 

These cells showed little interaction between oxidation and acetate oxida- 
tion. For example, a flow experiment was carried out in which two similar 
cell suspensions were each supplied with glucose-U-"C. The cultures were 
aerated and the CO; collected for assay. 30 minutes after the addition of the 
glucose, unlabelled acetate was added to one suspension but this had no 
effect on the evolution of ‘CO: (Figure 1). At the end of a similar experi- 


Figure 1. The production of #CO2 from #{C-U- 
glucose in the presence and absence of "?C-ace- 
tate. At zero time, 150 umoles glucose containing 
9.5 uc 14C was added to 80 mg. dry wt. Chlorella 
suspended in 20 ml. 0.067 phosphate, pH 6.7. 
Temperature 25°. 800 moles acetate was added 
to one culture after 30 minutes. -®—@— Acetate 
added. -A-A- No acetate added. On the ordi- 
nate 14CO2 production c.p.m. Xx 107$. 


20 40 60 80 I00MIN. 
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Figure 2. The effect of ?C-glucose on the production 
of CO: from 14C-1-acetate and ‘4C-2-acetate. Each 
culture contained 80 mg. dry wt. Chlorella suspended 
in 20 ml. 0.067 M phosphate, pH 6.7. Temperature 
25°. 250 umoles glucose was added to tubes 2 and 4. 
Thirty minutes later, 400 umoles acetate, containing 
10 ue 14C, was added to all tubes; this is zero time 
on the graph. 1: CH3 #4COOH, no glucose, 2: CHs 
4COOH with glucose, 3: CH3COOH, no glucose, 
4: MCH3COOH with glucose. On the ordinate CO: 
production c.p.m. x 107$. ; 


ment, the acetic acid was recovered, purified and combusted to CO: which 
was counted as BaCOs. It was found to contain some !?C but the amount which 
had been trapped as acetate was less than 3 °/o of the “C in the glucose 
respired during the experiment. 

Figure 2 shows the results of another flow experiment in which either 
14CH3 COOH or CH; COOH was added to the cells in the presence or absence 
of unlabelled glucose. CO: was evolved about twice as quickly from car- 
boxyl-labelled acetate than from methyl-labelled acetate (cf. Fujita 1958) 
but the presence of the glucose had little effect on the rate of 1#CO: produc- 
tion. In this experiment, the endogenous Qoz was 1.0; it was 7.2 in the pre- 
sence of acetate but it was 14.2 when both glucose and acetate were supplied. 
The data suggested that with these old “carbon-starved” cells, the oxygen 
uptake associated with glucose oxidation could be additional to that associated 
with acetate oxidation and further Warburg experiments confirmed this 
(Table 1). 


4. The effect of inhibitors on glucose and acetate oxidation 


The data reported in the previous section suggested that acetate and glucose 
might be oxidized by different biochemical systems and, in fact, a differential 


Table 1. The rates of oxygen uptake of C. vulgaris in the presence of glucose and acetate. 
Cells suspended in 0.067 M phosphate, pH 6.7. Temperature 25°. 40 umoles glucose or 
80 umoles acetate added. The steady rates of oxygen uptake are given as cu.mm./flask-hr. 


—_—_———— hun 


+ Glucose + Acetate le 
Endo- Mi 
Der genous inus Minus Minus ete 
xy Rate endo- Rate endo- Rate endo- ee g 
genous genous genous 
@) | re 
| 

14/11/58 28 140 112 74 46 178 1 
5 50 158 1.05 
12/12/58 22 217 | 195 181 159 375 353 354 1.00 
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Table 2. The effect of some inhibitors on the oxidation of glucose or acetate by C. vulgaris. 
Cells suspended in 0.067 M phosphate, pH 6.7. Temperature 25°. The final concentration 
of either glucose or acetate was 0.032 M. Respiration was measured for 60 minutes after 
the addition of glucose or acetate. The table shows the percentage inhibition of oxygen 
uptake calculated (a) without subtraction of the endogenous rate and (b) with subtraction 
of the endogenous rate. The endogenous rate was generally increased by the inhibitors 
and the percentage stimulation is shown. 
SET Ieee ee 


Endogenous | Glucose oxidation | Acetate oxidation 
Expt. Inhibitor vi rate’) % inhibition %, inhibition 
Stimulation a b A b 
Ne Bien a Je D 
16/1/59| a-a’-dipyridyl. | 4X 10-4 +16 28 35 30 37 
1X 10-3 + 60 25 37 26 39 
16/1/59| Na-arsenite ...| 4 X 10—3 +90 32 52 91 100 
1X 10-2 + 50 55 72 93 100 
16/1/59| Ethyl malonate] 4 X 10-3 +150 10 50 0 21 
1X 10-2 + 140 5 26 57 87 
13/2/59 4X 10-3 + 133 2 23 12 36 
1X 10—2 + 200 5 36 33 72 
13/2/59| Monofluoroace- | 4 X 10—2 50 42 56 69 100 
bates. Bere: Al! 50 33 47 69 100 
20/2/59 4X 10—3 0 0 0 61 94 
1X10—2 0 4 6 65 100 


effect of inhibitors could be demonstrated. The inhibitors used were 
a-a’-dipyridyl, sodium arsenite, sodium monofluoroacetate, and ethyl malo- 
nate. When ethyl malonate was used, it was shown that an equivalent amount 
of ethanol did not affect respiration. The results are given in Table 2; 
a’-a’-dipyridyl inhibited both glucose and acetate oxidation to about the 
same extent, but the other three inhibitors, at suitable concentrations, in- 
hibited acetate oxidation much more than glucose oxidation. Fluoroacetate 
caused citrate to accumulate when either glucose or acetate was added. 
These results are consistent with the view that the oxidation pathways for 
the two substances are distinct in these cells but it is by no means conclusive 


evidence. 


5. The order of addition of acetate and glucose 


The earlier experiments suggested that there was little connection between 
acetate oxidation and glucose oxidation. However, in some experiments, more 
interaction was apparent. The difference was found to be due to two factors; 
the order in which acetate and glucose were added and the age of the Chlo- 
rella cultures. 
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Figure 3. The effect of ':C-acetate on the yield of 
14005 from “C-U-glucose. Data are given for the 
periods 0—45 minutes and 45—90 minutes after both 
substrates came in contact with the cells. Glucose, 
0.010 M. Acetate, 0.032 M. pH 6.7. Temperature 25°. 
A. Control — no acetate added. B. Acetate added 
simultaneously with glucose. C. Acetate added 45 
minutes before glucose. D. Acetate added 45 minutes 
after glucose. 


0-45 45-90 MIN. 


Glucose-U-4C was added to “old” carbon-starved Chlorella together with 
unlabelled acetate. The acetate was added either 45 minutes before the 
glucose, with the glucose or 45 minutes after it. The CO: produced was 
collected, precipitated and counted as BaCO;. It can be seen from Figure 3 
that the CO: from the glucose is diluted more when the unlabelled acetate 
is added either before or with the glucose than when it is added afterwards. 
This is especially true of the period 0—45 minutes after the cells, glucose 
and acetate come together. It should be noted that glucose was added before 
the acetate in the flow experiments described in section 1 above. 


When the substrates are added, at the same time, to “old” cells unlabelled 
acetate always depresses the yield of ‘CO: from labelled glucose more than 
unlabelled glucose depresses the yield from !?C-acetate. For example, in one 
experiment, the depression of the yield of “CO: from ‘C-U-glucose by 
unlabelled acetate was 60 °/o during the 60 minute period immediately fol- 
lowing the addition of the substrates; the depression of the !#CO; yield from 
CH; #COOH by unlabelled glucose was 20 °/o, and that from 1!CH3 COOH 
only 7 °/o. 


‘6. The effect of the age of the cells 


It was thought that the age of the cells might affect the relationship 
between glucose oxidation and acetate oxidation. Accordingly a number of 
similar culture bottles were inoculated with a small inoculum and sampled 
after 3, 4, 5, and 6 days of growth. Each culture was aerated, in darkness 
overnight before sampling in order to partially carbon-starve the cells. The 
rates of oxygen uptake following the addition of glucose or acetate or both 
is shown in Figure 4. Generally the rate of glucose oxidation falls more than 
that of acetate as the cultures age. But whereas, with old cultures, the rates 
of acetate oxidation and glucose oxidation (after subtraction of the endo- 
genous respiration) are additive, this is not so with the younger cultures. 

In spite of this distinction, however, there is no striking difference in the 
distribution of '*C within the cells when C!4-acetate or 14C-glucose is supplied 
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Figure 4. The effect of culture age on the 
rates of acetate and glucose oxidation. 
The heights of the columns represent rates 
of oxygen uptake in cu.mm./mg. dry wt./ 
hr. The cultures were aerated for 16 hours 10 
in darkness, before harvesting; their den- 
sity at harvesting is shown. Glucose, 0.020 
M; acetate 0.032 M. pH 6.7. Temperature 
25°C. 1 Glucose added. 2. Acetate added. 
3. Both glucose and acetate added. 4. En- 


dogenous respiration. The age of the cul- 3 4 5 6 AGE 

ture in days and number of cells per DAYS 

cu.mm. are indicated. 40.000 102.000 128.000 135.000 
CELL NO. 


to “young” cells as compared with “old” cells. (Table 3). When acetate is 
supplied, the bulk of the soluble ‘4C is in glutamate, aspartate, citrate and 
malate; in the “old” cells, rather more is present in glutamate and rather 
less in the other three compounds. When labelled glucose is supplied, a wide 
range of compounds, including phosphoglycerate and sugar phosphates, 
became labelled but again there is no striking difference between the “old” 
and “young” cells except that there is more 1*C in aspartate, alanine and 
other amino acids (but not glutamate) in the young cells. (cf. Moses, Holm- 
Hansen, Bassham, and Calvin 1959). 


Table 3. The distribution of *#C among soluble compounds after adding -C-U-glucose or 
14C-2-acetate to “young” and “old” cells of Chlorella. At harvesting, the “young” cultures 
contained 21,500 cells/cu.mm. and the “old” ones, 225,000 cells/cu.mm. For the experi- 
ment the cells were suspended in 0.067 M phosphate, pH 6.7. 10 umoles glucose-U-4C or 
acetate-2-14C were added to ca 10 mg. dry wt. cells. After shaking for 15 minutes, in 
darkness, at 25°, the cells were filtered, washed, killed and extracted. The activity in the 
soluble compounds was counted after they had been separated on paper chromatograms 
and the percentage of the total activity, in each compound, is given. 


EEE 


Acetate-2-14C Glucose-U-14C 
Compound 
“Young” cells “Old” cells “Young” cells | “Old” cells 
SUCTOSE eee — = 58.6 79:0 
Glutamate .............. 48.3 71.3 5.3: | 66 
Aspartate #7... 16.5 ] 5.5 2.6 0.7 
Succinate ............... 3.4 "113 er = 
(CHG een 23.0 13.7 1.5 ave 
Malte sun. 8.1 6.2 2.0 0.4 
Mlanıner cree == == 7.1 2.0 
Phospho-glyceric acid — = 1.0 72 
Sugar phosphates ...... — 2 14.5 92 
Glyceric acid (?) ...... — = 0.3 0.5 
Other amino acids (?) — = 6.7 Re 
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7. The effect of fluoroacetate on the respiration of “young” and old “cells” 


The previous data suggested that the oxidation of acetate and that of 
glucose are more closely linked in younger cells than in older ones. Two 
experiments, using fluoroacetate as an inhibitor, gave some support for this 
view. Glucose and acetate were added to “young” and “old” cells in the 
presence and absence of 0.01 M fluoroacetate. Either glucose or acetate was 
radioactive and both oxygen uptake and the yield of '*CO, were measured. 
The results of one such experiment are shown in Table 4; the result of the 
other experiment was not exactly the same but the cell populations were not 
identical at harvesting. Nevertheless, both experiments showed certain com- 
mon features: 


a) At harvesting, the medium from the “young” culture contained both 
ammonia and nitrate. That from the older cultures contained neither. 

b) The rates of oxidation of acetate and glucose, after subtraction of the 
endogenous rate, were more nearly additive in the older than in the 
younger cells. 

c) Fluoroacetate inhibited acetate oxidation much more than glucose oxida- 
tion; this was shown by both the rates of oxygen uptake and the yield of 
146.0, from the labelled substrates. 

d) Fluoroacetate inhibits glucose oxidation more in the younger cells than 


Table 4. The effect of acetate, glucose and fluoro-acetate on the oxygen uptake and 14CO» 
production by “young” and “old” cells of C. vulgaris. The cultures were aerated, in dark- 
ness, for 16 hrs. before harvesting. The cells were suspended in 0.067 M phosphate, pH 6.7. 
Temperature 25°. Qo2 values, after subtraction of the endogenous rate are given. 14COs 
recovery is given as c.p.m. per sample of BaCOs (infinite thickness) per mg. dry wet. cells. 
Final concentrations: glucose, 0.016 M; acetate 0.032 M; fluoroacetate (F.A.), 0.01 M. 


: viet. “Young” “Old” 
Cell ] 
ell population at harvesting 42,300 cells/cu. m.m. | 195,000 cells/cu. m.m. 
Rates of take. a % 3 % 
ek of oxygen “uptake Control! FA. [Inhibition] COrtrol| F.A. | Inhibition 
a Glucose dk. ae See 11.1 5.8| 48 9.8 | 7.1 28 
+ ACOCALG Noten on see noce Dan een 11.5 1.0 91 9.4 3.1 67 
+ Glucose and acetate ..................... 15.1 3.9 75 14.5 del 51 
HCO, production from: 
glucose UC Re es 228 122 46 140 86 37 
acetate- HORS eee rane 289 27 90 212 33 85 
glucose-U-HC+12C-acetate.............…. 125 84 32 86 56 35 
acetate-1-14C+1?C-glucose.. ............ 184 27 85 179 25 86 
% depression of CO, from glucose 
by acetate. <. fetes miens nee 46 — == 38 = 22 
% depression of 4CO, from acetate 
by’glucose Marcel Mere 36 — — 15 = Ex 
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in the older ones. However the same is true for the inhibition of acetate 
oxidation. 

e) The addition of unlabelled acetate with C!#-glucose, depresses the yield 
of “CO: from the glucose; this is true for both “young” and “old” cells. 
The addition of unlabelled glucose with #C-acetate has less effect on 
the yield of CO: from labelled acetate, but the depression is greater in 
the younger cells. 


8. The relationship between acetate and glucose oxidation in 
exponentially growing cells and in nitrogen-starved cells 


The previous experiments were carried out with cells which had been 
partially starved of carbon before the substrates were added. It was of 
interest to examine cells which had received no carbon-starvation. One 
experiment was carried out with exponentially growing cells and two, with 
nitrogen-starved cells (Table 5). The exponentially growing cells were taken 
from young growing cultures, without any pre-treatment other than centri- 
fuging and re-suspending them in fresh culture medium. The culture from 
which they were taken was allowed to grow on and it continued to increase 
exponentially. The rate of endogenous respiration was high and the addition 
of 14C-glucose did not increase the oxygen uptake although CO, was pro- 
duced. The addition of unlabelled acetate with 1*C-glucose reduced the yield 
of 14CO, considerably; the addition of unlabelled glucose with "4C-acetate 
had less effect. 

Nitrogen-starved cells were prepared by transferring cells to a nitrogen- 
free medium and illuminating them overnight while aerating with air con- 


Table 5. The oxidation of glucose and acetate by (a) exponentially growing and (b) nitro- 

gen-starved cells of C. vulgaris. The exponentially growing cells were suspended in full 

growth medium at pH 6.7 for the experiment. The nitrogen-starved cells were suspended 

in 0.067 M phosphate, pH 6.7. Temperature 25°. Glucose, 0.016 M, acetate, 0.032 M. 
QO2 with glucose and acetate additions with endogenous subtracted. 


mm 


Qo Depression of yield 
3 of 14CO, from 
Conditions Endo-| Ace- | Glu- | Acetate] CH,4COOH | HC-U-glucose 
genus| tate | cose in presence of | in presence of 


glucose | 12C-glucose 12C-acetate 
EE i = en nn — z———— 


(a) Exponentially growing cells.]| 17.1 | 5.1 | 0 > Be 52 
à s NE nS 21.08.02! (oui 4.5 35 
(a) Nitrogen-starve di 4.0 | 9.0 | 4.5 | 12.8 6.6 39 


1 Generation time 7.5 hrs. 
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taining 0.5 °/o CO: (Syrett 1953). With these cells, the rates of glucose oxida- 
tion and acetate oxidation were almost additive. The addition of unlabelled 
acetate with 14C-glucose depressed the yield of '#CO;, although not as much 
as in the exponentially growing cells; the addition of unlabelled glucose 
with 14C-acetate had very little effect on the yield of “CO: from acetate. 

Thus the behaviour of the exponentially growing cells tended to resemble 
that of the “young” carbon-starved cells, except that the endogenous respira- 
tion rate was higher, while the nitrogen-starved cultures tended to resemble 
the older carbon-starved cells. 


Discussion 


This investigation has shown that: 


1. In certain circumstances, notably with “old” cells, the oxygen uptake 
associated with glucose oxidation can be additive to that associated with 
acetate oxidation. 


2. Acetate oxidation is more sensitive to fluoroacetate and malonate than is 
glucose oxidation. 


3. When glucose and acetate are added together, there is interaction between 
them but unlabelled acetate has a bigger effect on the yield of “CO: 
from labelled glucose than does unlabelled glucose on the yield of 
1400, from labelled acetate. This is true whether !*C-1-acetate or #C-2- 
acetate is supplied. 


4. When glucose is added 30 minutes before acetate, there is little inter- 
action in “old” cells. | 


The data indicate that glucose oxidation and acetate oxidation are, to a 
large extent, separated in “old” cells. A possible picture of the metabolism 
of these cells is shown in Figure 5. Acetate oxidation and glucose oxidation 
are envisaged as involving separate pools of intermediates but the glucose | 
pool, pool 2, can be built up rapidly from acetate although it does not lie 
on the main pathway of acetate oxidation. Presumably both pools are 
depleted when the cells are carbon-starved and when glucose and acetate 
are added together, carbon dioxide from glucose will be diluted by acetate 
carbon. On the other hand, carbon dioxide from acetate will be little diluted 
by carbon from glucose. However, when glucose is added first, pool 2 can 
be filled up with glucose carbon before acetate is added and little inter- 
action occurs. Taking the experiments as a whole the specific activity of 
the carbon dioxide resulting from acetate metabolism generally shows. more 


dilution with endogenous carbon than that from glucose oxidation. This 
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ACETATE GLUCOSE 


NE 
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Figure 5. The possible inter-relation of glu- 
cose oxidation and acetate oxidation in “old” 
cells. See text for further discussion. 
Co, Co, 


difference may indicate that pool 2 is smaller than pool 1 when the sub- 
strates are added. 

If this interpretation is correct, what is the nature of the pools? Table 3 
shows that the only substances common to both acetate and glucose oxida- 
tion are malate, citrate, aspartate, and glutamate. Thus pool 2 must consist 
of some of these substances. 

Pool 1 may then either contain difference substances or it may contain 
the same compounds as pool 2 but be separated from it in some way. If 
pool 1 contains difference substances they must be volatile since they did 
not appear on the chromatograms. One possibility is that acetate is oxidised 
via glycolate, glyoxylate and formaldehyde as suggested by Bolcato, de 
Bernard, and Leggiero (1957) but we have failed to find evidence for this. 

If the two pools are pools of the same substances separated in some way, 
the separation may be between different cells or within individual cells. 
Possibly all the cells of the population are not in the same physiological 
state and some oxidize acetate more readily than glucose and vice-versa. 
The two pools would not then be separated within the same cell but within 
the population. On the other hand the separation may be within a single cell. 
We have evidence (unpublished) that the cells contain an active malate syn- 
thetase, malic acid dehydrogenase and the citrate condensing enzyme. These 
enzymes appear to be in the soluble fraction of the cells just as they do in 
Ricinus seedlings. (Kornberg and Beevers 1957). Thus it is possible that pool 
1 and the main pathway of acetate oxidation is in the soluble portion of 
the cell while pool 2 is in a particulate fraction. 

The inhibitor data show that malonate and fluoroacetate inhibit acetate 
oxidation more than glucose oxidation. One might suggest that this is because 
the inhibitors can reach the sites of acetate oxidation more easily but no 
firm conclusion can be drawn. Some glucose is known to be oxidised by a 
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pathway which splits off the C,-carbon preferentially (Casselton, unpublished). 
This is presumably a hexose monophosphate shunt pathway which is less 
sensitive to these inhibitors than the tricarboxylic acid cycle. Moreover the 
conversion of glucose to acetate via glycolysis and pyruvate involves oxida- 
tions and a decarboxylation which are probably unaffected by these in- 
hibitors. 

In cells from young cultures, the rates of acetate oxidation and glucose 
oxidation are not additive but this may be because the system transporting 
electrons to oxygen is working at full capacity whichever substrate is supplied. 
Nevertheless, with these cells, and with the exponentially growing ones, 
unlabelled acetate depresses the yield of "CO; from #“C-glucose more than 
in older cells which indicates less separation of the metabolic pools in the 
younger cells. 


Summary 


Both acetate and glucose are oxidized rapidly at pH 6.7. Fluoroacetate 
and malonate inhibit the oxidation of acetate more than that of glucose. 
When glucose and acetate are added together, one substrate being labelled 
with 14C, there is interaction between them but unlabelled acetate has a 
bigger effect on the yield of CO: from labelled glucose than unlabelled 
glucose has on the yield from labelled acetate; this is true whether 
14C-1-acetate or 14C-2-acetate is supplied. When glucose is added to cells 
from old, dense cultures, 30 minutes before acetate, there is little interaction 
between the substrates and they appear to be oxidized independently. Inter- 
action is more pronounced in cells from young cultures and in cells growing 
exponentially. 

Possible explanations of these facts are considered and it is suggested that 
acetate oxidation and glucose oxidation may proceed through pools of inter- 
mediates which are physically separated within the cells. 


We should like to thank the Nuffield Foundation for the grant which supported 
this work. 
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Introduction 


Yeast extract often has been incorporated in media for plant tissue and 
organ cultures ever since Robbins (1922) found it to promote growth in 
vitro of excised tomato root tips. Amino acids added singly or in combina- 
tions have also been reported to promote growth of tissue cultures of various 
species. Glycine and thiamin were reported by White (1939) to substitute 
for yeast extract in the cultivation of tomato root tips in vitro. Nickell and 
Burkholder (1950) have found that growth of Rumex virus tumor tissue is 
stimulated by aspartic acid. In many cases, mixtures of amino acids have 
been found to be more effective than individual ones. For example, Paris 
and Duhamet (1954) have reported that a mixture of amino acids based on 
analysis of coconut milk promoted growth of Scorzonera crown gall tissue 
to the same extent as did whole coconut milk. More recent work by Steward 
et al. (summarized 1957) has shown that the amino acids of casein hydro- 
lysates stimulate growth of carrot tissue cultures. Braun (1958) has obtained 
growth in vitro of normal tobacco tissue comparable to that of crown gall 
tissue by supplementing the basal medium with a mixture of amino acids, 
cytidylic and guanylic acids, inositol, an auxin, and kinetin. 

This paper reports the growth promotion in tobacco tissue cultures by a 
mixture of amino acids based on analysis of Bacto-Yeast Extract, with spe- 
cial reference to the part played by individual acids, and a demonstration of 
a valine-isoleucine antagonism in tobacco tissue comparable with the an- 
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tagonism earlier discovered in bacteria and observed in some other organisms. 
A more detailed account of effects of yeast extract constituents on growth 
of tobacco tissue is given in the Ph.D. thesis of R. Sandstedt (1960). 


Materials and Methods 


Tobacco callus tissue for stock was obtained from the cambial surface of peeled 
tobacco stem segments cultured 2—3 weeks on modified White’s medium, The 1 9/o 
agar medium was the same as described by Skoog and Tsui (1948) except that 
38 mg/l. KH2PO, was used. Organic constituents of the medium were glycine, nico- 
tinic acid, pyridoxine, and thiamin. In the work reported here kinetin, 0.2 mg/l., 
and indole-3-acetic acid (IAA), 2.0 mg/l., were also added to the basal medium. For 
the bioassay small explants, ca. 2X2X0.5 mm. were cut from the stock callus on 
the stem segments and transferred to the surface of the assay medium. Four or 
five 50 ml. erlenmeyer flasks were generally used per treatment, each with 20 ml. 
medium and 1, 2, or 3 callus pieces per flask. 

The following analysis of L-amino acids in yeast extract has been reported by 
Difco Laboratories, Detroit, Michigan (amounts in mg/g.): arginine 7.8, aspartic 
acid 51, glutamic acid 65, glycine 24, histidine 9.4, isoleucine 29, leucine 36, lysine 
40, methionine 7.9, phenylalanine 22, threonine 34, tryptophan 8.8, tyrosine 6.0, 
and valine 34. The amino acids were obtained from Nutritional Biochemicals Cor- 
poration. The hydrochlorides of arginine and lysine and the dihydrochloride of 
histidine were used in correspondingly adjusted amounts. This mixture will be 
referred to as the “synthetic mixture”. Each amino acid, whether added to the 
medium alone or in combination with others, unless otherwise specified, was 
supplied in the amount per liter equivalent to its content in 1.0 g. yeast extract as 
listed above. 


Results 


Tissue pieces grown on medium supplemented with 1.0 g/l. yeast extract 
typically reached fresh weights about four times those of control tissue; 
supplied with the synthetic amino acid mixture they reached fresh weights 
of about twice those of controls (see Table 1). When the amino acid com- 
ponents of the synthetic mixture were added singly to the medium, the fol- 
lowing ones promoted tissue growth to the indicated approximate percentages 
of the difference in fresh weight between control tissues and tissues supplied 
with the complete synthetic mixture: arginine 30 °/o, aspartic acid 90 °/o, 
glutamic acid 60 °/o, lysine 50 °/o, phenylalanine 50 °/o, tryptophan 50 °/o, 
and tyrosine 50 °/o. The following amino acids added singly inhibited growth 
to give final weights of tissue corresponding to the indicated percentages of 
the fresh weight of control tissue: histidine 80 °/o, isoleucine 60 °/o, leucine 
10 °/o, methionine 20 °/o, threonine 50 °/o, and valine 40 °/o. Glycine was not 
tested as it was a regular part of the modified White’s medium. 
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Figure 1. Photograph of the 
tissues in Table 1. (0.4Xactual 
size) 


Table 1. Valine-isoleucine antagonism in tobacco tissue. IAA 2.0 mg/l. and kinetin 0.2 mg/l. 
were included in the medium. The tissue grew from 4—21—59 to 5—19—59. 


Treatment 
Materials added 
1 91 3 st ag = 6 7 N 
| | 
Veastrextracte ee + | | 
Aspartic acid ............... — + | + + + + 
Glutamic acid ........ ...... a + + + == LE 
Valineéh 7.2. + | + —_ SE se 
ISOIEUCINC 2-5 ere cer + + + 
Other ten amino acids of | 
synthetic mixture ...... | ARE as SE 
Average fresh weight (mg)| 560 110 | 360 34 | 310 280 39 350 | 120 


1 Control 


An experiment was next done in which individual amino acids were left 
out of the synthetic mixture one at a time. (Glycine and tryptophan were 
not tested in this experiment, because other experiments had shown that 
each of these could be omitted without loss in activity of the mixture. After 
a five-week growth period the tissue pieces were photographed and weighed 
(Figure 2 and Table 2). It may be noted that none of the amino acid mixtures 
employed was equal to the yeast extract in growth promoting activity, and 
that the mixture lacking methionine promoted growth much less than did 
most of the others. Only one treatment, that lacking isoleucine, failed to 
promote growth to some extent; it was in fact inhibitory. On the other hand, 
isoleucine added alone to White’s medium inhibited growth of the tissue. 


Further experiments showed that when aspartic and glutamic acids were 
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Figure 2. Photograph of the 
tissues in Table 2. (0.3X actual 
size) 


Table 2. Effect on tissue growth of the synthetic mixture with one amino acid omitted in 
each treatment. IAA 2.0 mg/l. and kinetin 0.2 mg/l. were included in the medium. The tissue 
grew from 2—21—58 to 3—27—58. 


om u a 
Average fresh weight 


Treatment à Ë 
of tissue pieces (mg) 
1Yenstextrac Al OBS IAE er. 1500 
De Control re een ete SS 170 
3. Mixture minus arginine ............ 1000 
4. Mixture minus aspartic acid ........ 660 
5. Mixture minus glutamic acid ....... 610 
6. Mixture minus histidine ........... 940 
7. Mixture minus isoleucine .......... 54 
8. Mixture minus leucine ............. 1100 
97 Mixture minus Iysine Cr... 690 
10. Mixture minus methionine ......... 410 
11. Mixture minus phenylalanine ...... 950 
12. Mixture minus threonine........... 1000 
13. Mixture minus tyrosine ............ 1100 
14. Mixture minus valine .............. 760 


both left out of the synthetic mixture, growth was inhibited in the early 
stages. Later some pieces recovered and some remained inhibited, which 
gave uneven results. Aspartic and glutamic acids added together, without 
the other amino acids, promoted growth to about the same extent as did 
the complete synthetic mixture. 

The work by Umbarger and Brown (1955) on valine-isoleucine antagonism 
in Escherichia coli suggested the testing of valine in conjunction with iso- 
leucine. Figure 1 and Table 1 show the results of an experiment which 
illustrates a striking valine-isoleucine antagonism in tobacco tissue in the 
presence of aspartic and glutamic acids. When valine was added to the 
growth-promoting mixture of aspartic and glutamic acids, severe inhibition 
resulted unless isoleucine was also present. Likewise, when isoleucine was 
omitted from the synthetic mixture, inhibition resulted, but not if valine 


also was omitted. 
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Figure 3. Effects of concentrations and pro- 
portions of valine and isoleucine on tissue 
growth. Addenda to medium: L-valine and 
L-isoleucine were added in concentrations 
corresponding to their content in 1.0 g. of 
yeast extract, ie. 0.22 mM and 0.29 mM 
respectively and in multiples of from 0.5X 
to 4X of these concentrations. Aspartic 


2 
acid 0.38 mM, glutamic acid 0.44 mM, IAA 
2.0 mg/l, and kinetin 0.2 mg/l. The tissue 
4 grew from 10—19—59 to 11—17—59. 


Figure 3 shows the tissue pieces from an experiment in which valine and 
isoleucine were added to the medium in all combinations of the following 
multiples of IX, the amount in which each occurs in 1 g. of yeast extract: 
0.5X, 1X, 2X and 4X. Aspartic and glutamic acids also were included in 
the medium in concentrations which correspond to their respective contents 
in 1.0 g. of yeast extract. Note that both valine and isoleucine inhibited tissue 
growth, but that isoleucine was severely inhibiting only in concentrations 
higher than 1 X. Isoleucine reversed inhibition by all concentrations of valine 
except the highest tested (4X). 


Discussion 


Considering that aspartic and glutamic acids promote tissue growth as 
much as does the complete synthetic mixture, other amino acids presumably are 
synthesized by the tissue as rapidly as needed for growth. However, if valine 
is added to the medium, growth is severely inhibited unless there is an 
exogenous supply of isoleucine. 

Antagonism between exogenous isoleucine and valine has been reported 
for anthrax bacilli by Gladstone (1939), for Neurospora by Bonner (1946), 
for excised oat embryos by Harris (1956), and has been investigated in 
detail for E. coli by Umbarger and Brown (1955). The latter found with the 
wild type strain K-12, which can synthesize both valine and isoleucine, that 
when valine was in the medium, growth was dependent on isoleucine and 
was independent of the valine concentration over a wide range (non-com- 
petitive). They suggested that valine was inhibiting because the enzyme over 
which it exerts feedback control of its own biosynthesis is also an essential 
enzyme in isoleucine biosynthesis. The same interpretation may apply here. 
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It should be noted, however, that although valine added alone inhibited 
growth of Strain°K-12, isoleucine did not. This is in contrast to the results 
with tobacco tissue. Here both valine and isoleucine were inhibitory in 
certain concentrations, and valine inhibited growth in very high concentra- 
tions even when isoleucine was present. 

It is of interest that Steinberg (1947 and 1949) was able to induce symp- 
toms of “frenching” in tobacco seedlings grown aseptically in flasks by 
adding 100 mg/l. L-isoleucine to the mineral-salt agar medium. He found 
that admixtures of alanine, hydroxyproline, or tryptophan with isoleucine 
reduced the symptom of reticular chlorosis associated with frenching and 
that admixtures of tyrosine or alanine reduced the “strap leaves” symptom. 


Summary 


A mixture of L-amino acids in the proportions reported by Difco Labora- 
tories to be present in Bacto-Yeast Extract was found to promote growth of 
tobacco tissue cultures (Nicotiana tabacum, Wisconsin No. 38). 

Two constituents, aspartic and glutamic acids, promoted growth as much 
as did the complete amino acid mixture. These two acids also could be 
omitted singly from the mixture without serious loss in growth-promoting 
activity. They probably have a multiple function, serving as a ready source 
for the biosynthesis of the others. 

Omission of individual constituents from the amino acid mixture caused 
a decrease in the growth promotion in two cases: A severe inhibition resulted 
from the omission of isoleucine, but occurred only when valine was present 
in the medium. The mechanism of the valine-isoleucine antagonism is con- 
sidered. A less striking reduction when methionine was omitted from the 
mixture was not further investigated. 


This work was supported in part by research grants from the National Science 
Foundation and from the University Research Committee with funds from the 
Wisconsin Alumni Research Foundation. Present address of R. Sandstedt: Depart- 
ment of Plant Pathology, University of Nebraska, Lincoln, Nebraska. 
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It was revealed with excised Avena coleoptile that the growth promoting 
effect of indole-3-acetic acid was inhibited by pretreatment with ribonuclease 
(Masuda 1959 a, b). This effect of ribonuclease was presumed to involve its 
‘digestive action on the ribonucleic acid at the protoplasmic surface (Masuda 
1959 b). Ribonuclease treatment decreases the cation binding capacity of the 
ribonucleic acid at the protoplasmic surface (Masuda 1959 a). 


On the other hand, it has been confirmed that indole-3-acetic acid has a 
remarkable effect on the physico-chemical properties of protoplasmic surface 
such as permeability (Masuda 1955) and adhesiveness of protoplasm to the 
cell wall (Masuda 1957, Masuda and Takada 1957). 


The’ purpose of the present study is to see the effect of ribonuclease on 
some protoplasmic properties of cells of Avena coleoptile and substantiate 
the authors view on the participation of ribonucleic acid in the cell elongation. 


Material and Method 


Avena sativa (Victory I), kindly supplied by “The Agricultural Experiment Sta- 
tion, Primal Seed Farm of Hokkaido Prefecture”, was used. Seedlings were grown 
in the dark at 25°C as described earlier (Masuda 1959 a). The coleoptile grown to 
about 3 cm. in length was decapitated, and a 4 mm. long cylinder was excised from 
it. Protoplasmic properties of cells of the inner epidermis were studied by immersing 
coleoptile cylinder pieces in 0.6 M solutions of mannitol and urea. A solution of 
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commercial crystalline ribonuclease (RNase, Nutritional Biochemicals Co.), 100 
ug/ml., and indole-3-acetic acid (IAA, Merck), 10 mg/l., were used (Masuda 1959 a, b). 


Results 


A. Adhesiveness of protoplasmic surface 


Coleoptile cylinder pieces were first treated with RNase or distilled water 
for 60 minutes at 30°C. They were then transferred to 0.6 M mannitol solu- 
tion and the process of plasmolysis was observed. As seen in Figure 1, many 
protoplasts assumed convex plasmolysis form in about 10 minutes with the 
RNase-treated coleoptile, while with control they did not separate from cell 
wall so easily. 


Protoplasts of RNase-treated cells reached the osmotic equilibrium with 
the mannitol solution in about 25 minutes. The grade of plasmolysis was 
0.44. This gives 0.26 M for the osmotic concentration of cell sap at incipient 
plasmolysis. It seemed that protoplasts of control cells reached the osmotic 
equilibrium before they assumed the regular convex form. The grade of 
plasmolysis was 0.45 when convex plasmolysis was reached (Figure 2). 
When the plasmolyzed coleoptile pieces were returned to plain water, both 
kinds of cells deplasmolyzed roughly in the same rate. Thus the RNase pre- 
treatment did not appreciably affect the grade of plasmolysis and hence the 


Figure 1. Plasmolysis form in 0.6 M 
mannitol solution of inner epidermal 
cells of Avena coleoptile after 10 mi- 
nutes. A: Pretreated with distilled 
water for 60 minutes (control). B: Pre- 
treated with RNase for 60 minutes. 
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Figure 2. Plasmolysis in 0.6 M mannitol solution 
and deplasmolysis in distilled water of the inner 
epidermal.cell of coleoptile pretreated with RNase 
(©) and distilled water (©) for 60 minutes at 
30°C. Coleoptile pieces were immersed in the 
mannitol solution at 0 time and transferred to 
water at the arrows. ———: Concave form, 


à <> 
: convex form. a: re ee hae 
0 10 20 30 40 50 60 70 80 90 100 
MIN. 


osmotic concentration of cell sap, and the permeability to water. The main 
effect of RNase observed was a decrease in adhesiveness of the protoplasmic 
surface. 

It has been shown that 1 to 10 mg/l. of IAA prolongs the plasmolysis time, 
increasing the adhesiveness of the protoplasm to the cell wall (Masuda 1957). 
It is now revealed that RNase decreases the adhesiveness of protoplasm, as 
well as the capacity of cell elongation. When the coleoptile cylinders pre- 
treated with RNase were transferred to the IAA solution and incubated for 
about 60 minutes, the plasmolysis time became longer than without the IAA 
treatment. And it is known that the coleoptile cylinder pretreated with RNase 
restores the growth activity gradually after the transference to IAA (Masuda 
1959 a, b). So far, a parallelism is observed between the growth activity and 
the adhesiveness of protoplasmic surface of coleoptile cells. 


B. Permeability to urea 


In order to see the effect of RNase treatment on the permeability of coleop- 
tile cells, coleoptile pieces treated with the enzyme or water were immersed 
in 0.6 M urea solution and deplasmolysis process was observed (Figure 3). 


Figure 3. Plasmolysis and deplasmolysis in 0.6 M urea 
solution of the inner epidermal cell of coleoptile pre- 
treated with RNase (©) and distilled water (®) for 
60 minutes at 30°C. —— —: Concave form, 
vex form. 


=; COn- 


70 50 60 70 80 
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Table 1. Rate of deplasmolysis in 0.6 M urea solution with standard error. AG=8,9 —81/ 
t2—t1/60, where g,. and 8;; represent grades of plasmolysis at times te and tı (min), 
respectively. 30°C was better than 25°C for RNase action, and the reverse was for IAA. 


Pretreatment (60 min.) | NG 
Water (30°C) en. 0.158 + 0.005 
RNase (30/C) rare ee 0.170 + 0.008 
Water (25 CENTER 0.170 + 0.006 
TA AGI (2550) ne 0.195 + 0.004 


In the urea solution, protoplasts separated from cell walls more easily 
than in the mannitol solution. The plasmolysis time of water-pretreated cells 
was 15 to 20 minutes. With RNase-pretreated cells, however, protoplasts 
assumed convex form so quickly in either of the solutions that no apparent 
difference was observed between the two. The deplasmolysis process in the 
urea solution was not affected by the RNase pretreatment (Figure 3). This 
indicates that the protoplasmic permeability to urea is not significantly 
affected by the RNase pretreatment. Table 1 shows that the rate of recovery 
of plasmolysis grade, AG (Url 1951, Masuda 1955), is not influenced signi- 
ficantly by RNase pretreatment, while it is by IAA pretreatment (cf. Masuda 
1955, 1957). 


Thus it is shown that the RNase treatment does not influence the proto- 
plasmic permeability to urea, as well as that to water. 


C. Extensibility of the cell wall 


According to some recent investigations, the primary effect of auxin is 
considered to be in the loosening of the cell wall (cf. Bennet-Clark 1956, 
Tagawa and Bonner 1957). It has been also shown that elastic and plastic 
extensibility of the wall is remarkably affected by auxin (Ketellapper 1953, 
Cleland 1958). The following experiment was undertaken in order to see if 
RNase has any effect on the properties of the cell wall. 

Excised coleoptile cylinder of 4 mm. length were treated with RNase or 
distilled water for 60 minutes at 30°C. They were then plasmolysed in 0.5 M 
mannitol solution for 60 minutes. Let L; represent the length of the coleoptile 


piece in full turgescence, and L, that after plasmolysis. Then a measure of 
elasticity, E, may be given as 
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Table 2. Effect of pretreatment with RNase and IAA on elasticity (E) and plasticity (P) 
of cell wall. 


| Pretreatment (60 min) | L, (mm.) L, (mm.) Ei) | P 
| ; | 

Vater 30°C). een 4.09 3.73 9.7 0.25 
PRNase (0A en. 4.10 3.72 10.2 0.23 
E Wratern(25°C het. ae. 4.10 3.74 9.6 0.27 
PARA (23°C)... Bar... 4.21 3.74 12.6 0.22 
Before the pretreatment ...... 4.00 (L,,) 3.61 (Lio) 10.8 — 


When L,, denotes the length of the plasmolyzed piece before the treat- 
ment, L,—L,, represents the increase of the section length in the plasmo- 
lyzed condition. This increment results from the extension, L;—L,,, caused 
by turgor pressure. Hence a measure of plasticity, P, may be given by 


= L,—Lpo 


18 
L; = Lo 


Table 2 represents the results, together with the results of treating similar 
coleoptile pieces with IAA. RNase had practically no effect on the extensibility 
of the cell wall, whereas IAA had. 


Discussion 


The present author has reported that IAA has remarkable effects on some 
physico-chemical properties of the protoplasmic surface, such as permeability 
and adhesiveness. And he supposes that those effects are closely related to 
the effect of IAA on the cell elongation (Masuda 1957, 1958). Parallelism 
between the adhesiveness and the growth capacity is demonstrated again by 
the experiment described above. It is reported by Schaefer (1958) that con- 
cave plasmolysis persists in young, growing cells and more time is needed 
for them assume convex plasmolysis than for mature cells to do so. 


The present author has suggested a role of ribonucleic acid acting as a 
cation binder located at the protoplasmic surface (Masuda 1959a, b). He 
assumes that IAA increases the cation binding capacity of ribonucleic acid 
at the protoplasmic surface. Then the acid may take calcium of the cell wall, 
and make this more extensible. Both the effect of IAA increasing the adhe- 
siveness and the effect of RNase decreasing it may be well explicable by 
assuming that the protoplasmic surface becomes more sticky when ribo- 
nucleic acid there binds calcium and becomes less adhesive when the acid 
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is digested. This view is quite consistent with findings (Masuda 1959 b and 
unpublished data) that polymerized pyrimidine nucleotide is liberated from 
the coleoptile as a consequence of RNase treatment. 


Summary 


Effect of ribonuclease treatment on the plasmolytic behavior of inner 
epidermal cells of Avena coleoptile was studied in connection with the effect 
of auxin. 


1. Pretreatment with ribonuclease makes the protoplasmic surface less 
adhesive to the cell wall, as shown by plasmolysis-form and -time. 


2. Ribonuclease did not apparently affect the plasmolysis-permeability to 
urea and water and the extensibility of the cell wall. 


3. The author’s idea that the ribonucleic acid at the protoplasmic surface 
plays a role in the cell elongation is supported. 


The author wishes to express his gratitude to Professor Joji Ashida, Kyoto Uni- 
versity, for his valuable suggestions as well as for constant guidance in the course 
of the work. Sincere thanks are due to Dr. H. Takada, Dr. S. Nagai and Dr. N. Yana- 
gishima in our Laboratory for their helpful suggestions and criticisms. 
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The physiology of red algae is very little known. The cultivation under 
laboratory conditions of multicellular species belonging to this group has 
always proved difficult as many species die after a few months or earlier, 
even if they are grown in seawater or enriched seawater. Physiological 
experiments with different Porphyra species have been carried out, mostly by 
Japanese workers. Cultivation usually took place in seawater or enriched 
seawater for short periods, a method adopted by Drew for her studies of the 
life history of Porphyra umbilicalis (1954). Though Henkel (1950) succeeded 
in cultivating Bangia pumila in artificial seawater and transferring it through 
several generations, she, too, did not work with pure cultures. The unicellular 
Porphyridium cruentum was early obtained in an axenic culture by Vischer 
(1935). His method for obtaining a pure culture was later used by Koch 
(1953), when he tested the changes of chlorophyll and phycoerythrin at dif- 
ferent light. Harder and Bederke (1957) worked with Porphyridium cruentum 
as well as with Trailliella intricata in their experiments with the influence 
on growth of light of different wave lengths. Trailliella was not in an axenic 
culture and the medium was not chemically defined, as natural water 
was added. 

I wanted to cultivate marine red algae under completely defined and con- 
trolled conditions. For this purpose several species were collected on the west 
coast of Sweden and small branches or whole plants placed in sterile flasks 
containing artificial sea water. Some of them developed and a few are still 
in culture after more than two years. In this way a small collection of living 
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and growing red algae was obtained, suitable for further experiments in order 
to produce axenic cultures and investigate their nutritional requirements. 


A. Methods for Cultivation and Purification 


Several artificial seawaters were tested, but ASP 6 (Provasoli, McLaughlin and 
Droop 1957) turned out to be the best. 


It has the following composition: 


NU Ue og roe a REN 24 g. Mo (Na-Salt)) (222792... 0.5 mg. 
MgSO, g 7H,0 Goo CU OO 8 g. H0 oem Anode 1 ml. 
ER ER DEN, 0.7 8. 
Gall“ 250 2.22... 0.55 g. 
DIOR. PER 0.3 8. Vitamin solution: 
Ka-glycerophosphate .... 0.1 8. Thiamine : HCI......... 0.2 mg. 
US EEE 0.065 mg. nicotinic acid .......... 0.1 mg. 
KB INNE EE 96.9 mg. putrescine-2HC] ....... 0.04 mg. 
ERS Ber. ee. 20% 1 g. Ca pantothenate ........ 0.1 mg. 
Micro nutrient solution .. 1 ml. pyridoxine: 2HC1....... 0.04 mg. 
Vitamin solution ....... 1 ml. p-aminobenzoic acid .... 0.01 mg. 
Redistilled water . ...... 1000 mil. Diotin rer eur: 0.5 pg. 
£ : ; choline : Hz citrate ...... 0.5 mg. 
Micro nutrient solution: thymine #5... 0.8 mg. 
Nag-Versenol .......... 30 mg. INOSIEOL ES ER ee. erste 1 mg. 
Fe (as chloride) ....... 2 mg. oroticgacid Era. 0.26 mg. 
Zn (as chloride) ....... 0.5 mg. Libotlavin EE EE See 5 ug. 
Mn (as chloride) ....... 1 mg. pyridoxamine -2HCl .... 0.02 mg. 
Co. (as chloride) . ...... 10 ug. folesacid 2 sate esis a 2.5 ug. 
Cu (as chloride) ....... 20 ug. |S FES ene eee RS 1 ug. 
Bgl Et eB Oa) hee os: chee wives 2 mg. HORS Re 1 ml. 
The nutrient solution — with micro nutrients and vitamins omitted — was ster- 


ilized in 100 ml. Pyrex flasks, 25 ml. per flask. Riboflavin, pyridoxamine, and folic 
acid were sterilized through glass filters and Bjs was autoclaved separately. The 
other vitamins were mixed in a stock solution and autoclaved. To avoid precipitation 
the metals were added to each flask after sterilization. In the earlier experiments 
copper and cobalt were omitted and the potassium glycerophosphate replaced by 
10 mg. dipotassiumphosphate. 

The algae were cultivated in a room where the temperature was kept at 202°C 
with the help of a refrigerator and fans. 

Illumination was provided by banks of 5 fluorescent tubes, Philips, in a combina- 
tion of 2 reflector-backed TL 40W-55, 1 TL 40W-32, 1 TL 40W-5 and 1 TL 40W-17. 
The banks were placed 80 cm. above the flasks and at the level of the flasks gave 
a light intensity of 800—1000 lux. The light was on 18 hours a day. Each experi- 
mental series contained 6 flasks and the algae growing in all of these were harvested 
together and put on a nylon net, washed with sterile water an dried at 100°C for 


24 hours. 
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For investigations concerning the response of algae to organic compounds it is 
necessary to work with axenic cultures. As mentioned above, no pure culture of any 
species “of red algae with the exception of Porphyridium cruentum has earlier been 
reported. The red algae are very difficult to purify, since their thallus is completely 
covered with a layer of mucilages of uneven thickness harbouring an abundance of 
bacteria and other microorganisms. Sometimes they are also covered with diatoms, 
which are often adhesive. 

Vischer’s (1935) method for obtaining a pure culture of Porphyridium is very 
simple. When the alga is cultivated on agar slants it sometimes produces naked 
spores that are pushed out at the head of a string of newly formed mucilage. These 
pure spores can then easily be picked off. The method is unfortunately unsuitable 
for multicellular species. The plants themselves grow so slowly, when cultivated on 
agar, that they cannot grow away from their bacterial contaminants. 

Unicellular algae belonging to other groups have been obtained in axenic culture 
after repeated washings and transfers into new aseptic solutions (Pringsheim 1946). 
Fish (1950) tried a new method by collecting the mobile zoospores of Enteromorpha 
intestinalis and treating them with penicillin: a short period with a strong solution 
followed by a longer period with a weaker solution. Axenic cultures of Ectocarpus 
confervoides were later obtained by Fogg and Boalch (1958) with the aid of penicillin 
treatment. Spencer (1953) found Fish’s treatment with a strong penicillin solution 
unnecessary and recommended only the weaker solution (500 units) in combination 
with streptomycin for a longer time. The method with antibiotic treatments has sub- 
sequently been further developed, and penicillin has been combined with several 
other antibiotics (Provasoli 1958). 

In the case of red algae, one should expect spores to be the best material for obtain- 
ing axenic cultures. However, all types of spores are non-mobile and very small and 
adhesive. They get infected as soon as they leave the spore containers and seem 
to be very sensitive to external injury. Treatment with ultraviolet light (Bortels 1940), 


Figure 1. Young plants in an axenic culture of Gonio- 
trichum elegans. x 240. 
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Table 1. Treatment of Goniotrichum elegans with antibiotics. 
ee SEE EEE EEE 


Concentration per ml, of antibiotics Condition of algae Statement after transfer 
after 14 days into new flasks 
== a ee ee a ee ee nt 
Penicillin TOUR ER Dwarfed All infected 
Streptomycin LOOOAUP ee cee Normal œ 
= 30032 re 5 
Penicillin 500 U 
En 2Streptomycin2500-Ur....... Dwarfed 4 sterile, 6 infected 


10 flasks of each series. 


a method successfully used for bluegreen algae, killed the red alga spores in 30 sec., 
much more rapidly than the infections. 

I found that the only way to obtain pure cultures of red algae was to start from 
small branches of the plant. These were carefully cleaned of diatoms and other 
small algae with a micromanipulator and transferred into a sterile medium. A method 
with antibiotics was then tried. The first object was Goniotrichum elegans (Chauv.), 
a small epiphytic member of Bangioideae with a dichotomously ramified mono- 
siphonous thallus (Figure 1). Some threads of this alga were placed in sterilized 
flasks containing 25 ml. culture medium, and different amounts of benzylpenicillin 
natrium, Glaxo, were added aseptically. The alga could stand a concentration of 
1000 units per ml., but after a treatment of 12 days the cultures still proved to be 
contaminated when transferred to new sterile flasks. The treatment was then repeated 
with penicillin combined with streptomycin sulphate, Glaxo (Table 1), and it was 
found that the threads of the alga had to be kept in the antibiotic solution for 14 days 
if any results were to be obtained. They were then transferred to new ASP 6 solution. 
After a week in this medium a few threads from each flask were put into flasks 
containing ASP 6 with an addition of 0.5 °/o glucose, 0.2 °/o yeast extract and 0.2 °/o 
Difco-Bacto peptone (Pringsheim 1946). In this test solution most infections still 
present ought to develop. The combination of 500 units penicillin and 500 units 
streptomycin gave a satisfactory result in so far as four test flasks out of ten were 
free from contaminations. Later a concentration of 1000 units per ml. of phenoxy- 
methylpenicillin, KABI, and 500 units streptomycin, Glaxo, was ordinarily used. 

Several other species of red algae, e.g. Trailliella intricata, Nemalion multifidum, 
Acrochaetium sp., Antithamnion pumila, have been treated in the same way but so 
far without complete success. The test flasks remained clear for 10 or 12 days, when 
a pink unicellular organisnı developed. One must therefore be very cautious in con- 
sidering an algal culture axenic. 


B. Vitamin Requirements 


Very little is known about the vitamin requirements of red algae. Vischer 
(1935) found that Porphyridium cruentum grew better in an artificialmedium 
with an addition of lake water, which could indicate a partial heterotrophy. 
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Droop (1957) stated that a marine form of the same species did not require 
vitamin Bye. 

The medium ASP 6 contains 15 different growth substances and with the 
axenic culture of Goniotrichum it was possible to test if any of them was 
essential. In a preliminary experiment the growth on this medium was com- 
pared with that on the same medium but with all vitamins omitted. No dif- 
ference between the two series could be observed even after 22 days. The 
small plants in the vitamin-free series were then used as inocula in a new 
experiment. The result of this indicated a vitamin heterotrophy in Gonio- 
trichum. The plants in the vitamin-free series of this second experiment were 
again used as inocula in a third experiment with the following series: a) with- 
out vitamins, b) with Bs, By, pyridoxamine and folic acid, c) with the remain- 
ing 11 vitamins. Visible growth appeared only in series b) and it could be 
concluded that the substance necessary for growth must be present among 
the four vitamins Ba, By, folic acid and pyridoxamine. It appeared most 
likely that vitamin By was the active factor, since heterotrophy for this 
vitamin is rather common among bacteria and unicellular marine algae. 
Provasoli (1958) gives several examples of algae belonging to different groups, 
which are dependent on an exogenous source of vitamin Bis. As mentioned 
above the nutrient solution contained no cobalt in these first experiments. 
Since the vitamin Bj. molecule contains cobalt, there was a possibility that 
the vitamin acted merely as a source of this metal. Holm-Hansen, Gerloff, 
and Skoog (1954) found B;2 necessary only in a cobalt-free medium but more 
active there than a corresponding amount of cobalt. In a subsequent experi- 
ment cobalt (10 ug. per litre) and By (1 ug. per litre) were added to two dif- 
ferent series (Table 2). Pieces of Goniotrichum from the vitamin-free series 
in the earlier mentioned third experiment were used as inocula. They had 
now been starved of vitamin B; and cobalt for 50 days and during this time 
transferred three times into new cobalt- and vitamin-free nutrient solution. 
This precaution had to be taken, since Biz is known to be a very active sub- 
stance (Droop 1957). The inocula were at this time pale and partly dead. 
Growth in my experiment occurred only in the ‘By series, as Table 2 shows, 


Table 2. Growth of Goniotrichum elegans with cobalt or vitamin Bıs. 
Er ERBEN _ Bauen EEE a a nn 
| Dry weight in mg of the whole alga production in a series 


No addition | Cobalt (10 pg. per 1) | B,, (1 pg. per 1) 
| 0.9 | 0.7 | 6.9 


Incubation time 28 days. 
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and the addition of cobalt had no growthpromoting effect. This result has 
been earlier repgrted in a preliminary paper (Fries 1959). 

Vitamin By is present everywhere in the sea. Cowey (1956) reported a con- 
tent of 0.5—1 uug/ml. in the North Sea and the northern part of the Atlantic. 
Droop (1955) found 10 times more in coast water at Millport in Scotland. 
Big is exuded from several species of bacteria, and seawage sludge and muds 
are rich in this substance. Ericson (1952) showed that some red algae accum- 
ulate labelled cobalt and B: with labelled cobalt. He assumed that By was 
produced by bacteria living in the seawater or on the wall of the red algae. 
Ericson and Lewis (1953) stated that red algae could transfer added cyano- 
cobalamin into other By analogues, but they did not find, that B, additions 
had any stimulating effect. As they did not work with pure cultures it is 
impossible to conclude anything about the Biz requirement of red algae from 
their result. Iwasaki and Matsudaira (1957) got an increase in CO» assimila- 
tion in Porphyra tenera when they added By, but only with material collected 
in the spring, a fact which can be connected with seasonal variations of the 
Bye content of seawater or variations in the bacterial flora on their algae. 

My experiments with Goniotrichum thus add a member of Rhodophyta on 
the list of vitamin By. heterotrophs. 

Further experiments showed that Bj, combined with each of the other 
components of the vitamin mixture used earlier, i.e. riboflavin, pyridoxamin, 
and folic acid, gave no higher yield than an addition of Bj, alone. 


C. Other Metabolites as Possible Substitutes 
for Vitamin Bıa 


The function of Bi in the metabolism of microorganisms seems to be 
closely connected with the synthesis of methyl groups and deoxyribosides. 
In their work with cellfree extracts of Escherichia coli Kisliuk and Woods 
(1958) found that a Biz analogue was necessary for the conversion of a one- 
carbon unit of a tetrahydropteroglutamic derivative to the methyl group of 
methionine, and they thus stated that Byg is indirectly connected with the 
methionine synthesis. Folic acid cannot replace Biz in Goniotrichum and has 
no sparing effect if added together with this vitamin. For a Bıs-less mutant 
of Escherichia coli cyanocobalamin could be replaced by methionine (Davis 
and Mingioli 1950), and this substance had a sparing effect on the By 
requirement, as it also had in Ochromonas malhamensis (Hutner, Provasoli, 
and Filfus 1953). Like Phormidium persicinum (Pintner and Provasoli 1958) 
Goniotrichum is unable to substitute methionine for By. It has also been 
suggested that vitamin Bj2 is involved in the metabolic reduction of dithio- 
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compounds such as homocystine or the disulphide forms of glutathione and 
of coenzyme A. However, neither homocysteine, cysteine nor glutathione had 
any effect on Goniotrichum. Choline, another methyl donor, had no influence 
on growth. 

In several lactobacilli deoxyribosides and deoxyribotides of purines and 
pyrimidines can replace Bis. In the case of Goniotrichum thymidine or uri- 
dine could not replace Biz or increase growth if added to a B;2 containing 
medium. 


D. Vitamin Bı2 Analogues 


The molecule of B;2 is very big and complicated. A large number of varia- 
tions are possible, and in materials rich in bacteria a number of natural Bye 
analogues appear. Some of them are equally or even more growth-promoting 
than cyanocobalamin for Euglena gracilis, Lactobacillus leichmanni, Esche- 
richia coli (strains 113—3) and Ochromonas malhamensis, the organisms 
most commonly used in the microbiological assay of the vitamin. 

Dr. Halina Neujahr and Dr. L.-E. Ericson in Stockholm provided me with 
some By analogues for tests on Goniotrichum. The result of one such experi- 
ment is given in Table 3. As regards the chemically defined B;: compounds 
no growth was obtained with Factor B containing only the pseudoporphyrin 
group, or ‘vith pseudovitamin By, where the base of the nucleotide is adenine. 
The growth with Factor A, where a methyl group is coupled to the adenine, 


Table 3. Growth of Goniotrichum elegans with different naturally 
occurring Bıa analogues. 


Dry weight in mg. of 


B 1 : i 
12 analogues 1 pg per 1 Base of nucleotide algae from 6 flasks 
No;addtion A... ciate see de 0.8 
Bis 9 yas oe game ie Opis Le 5,6-dimethylbenzimidazole 4.0 
Factor Til Peer vices tit aioe et 5-hydroxybenzimidazole 18.9 
FactôoraB asacnshitesiineut ate ast None 0.9 
Pseudovitamin Bis ............ Adenine 0.6 
MACIOL A se eee men ie were ee 2-methyladenine 5.4 
SOIT Witt ceed. TRE Not defined dues 
# KB nu chet N eee None 26.3 
sr RÉ de cr re en in 3.4 
HMMZ1{.. ins Sade: " 24.0 
OR AN ER UC ra 1.7 
LD Tee der ee se an 16.7 


Incubation time 50 days. 
Inoculae starved for more than 2 months. 
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was about the same as with cyanocobalamin. A far better yield was obtained 
with Factor III, where the base of the nucleotide is hydroxybenzimidazole 
instead of 5,6-dimethylbenzimidazole. The factors W, X3, X4, Z1, Z2, and Z3 
had been isolated from sewage sludge by Neujahr (1956). Factor W contains 
an unidentified nucleotide, while the other compounds seem to lack this part 
of the molecule. Factor W is active for Ochromonas malhamensis as well as 
for Escherichia coli 113—3, while X3, Z2 and Z3 produce growth only with 
the lastmentioned organism. Goniotrichum could use Factor W, X3 and Z3 
much better than cyanocobalamin, while Z2 was inactive. Factors X4 and Z1 
were considered inactive in microbial tests by Neujahr. With Factor Z1 
Goniotrichum elegans gave a growth about six times as great as with cyanoco- 
balamin, while X4 was about as good as the latter. 


Ford and Hutner (1955) give a survey of By, analogues used by the four 
“classic” Bx-test objects. In Table 4 I have tried to summarize the mode of 
response of these and several other organisms to different Biz analogues. 
Goniotrichum does not seem to fit into any of the patterns, and the question 
arises, which part of the B::-molecule it is able to synthesize itself. Dellweg, 
Becher and Bernhauer (1956) suggested the following pathway for Esche- 
richia coli: Factor B— phosphoric ester of Factor B— Factor B phospho- 
ribose > cyanocobalamin. 


Additions of Factor B did not support any growth of Goniotrichum and 
this may mean that further steps in the synthesis are blocked. 


Table 4. Response of some Bıs-requiring organisms to different Bis analogues. 


Species B,. analogues 
é 5 Factor B- 
Cyanoco- |Factor|Factor| Pseudovi- |Factor Rasse 
balamin II B tamin B,, Shore 
Euglena gracilis! .......... + — 0 + = Æ 
Escherichia coli 113—3 1... + Sr =P = SE + 
Lactobacillus leichmanni! .. ae Ar 0 + ap 0 
Ochromonas malhamensis ! + + 0 0 0 0 
Traustochytrium globosum ? ai: AL 0 0 0 — 
Monochrysis lutheri® ...... ar 0 0 + + — 
Phormidium persicinum* . ar SF Te Ar Ar = 
Goniotrichum elegans ...... ete Ar 0 0 + =f 


+ Growth. 

0 No growth. — Not tested. 
1 Ford and Hutner 1955. 

2 Adair and Vishniac 1958. 

3 Droop 1957. 

4 Pintner and Provasoli 1958. 
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Table 5. Growth of Goniotrichum elegans with different B;2 analogues and 
parts of the By2-molecule. 


Dry weight in mg of algae from 6 flasks 
Amount 
Substance added of addition Expt. No. 1 Expt. No. 2 Expt. No. 3 
per litre |Incubation time | Incubation time | Incubation time 
30 days 30 days 45 days 
Noraddıllonzr nee — 107 0.6 1.6 
ab Tone 1 ug. 2.5 — 5.6 
a. Uo tOC Cb aMonAD roc 1 mug. — == 2.6 
Kactoreb ast erie: cette 1 ug. 2.2 1.0 2.1 
Factor LiDE 1 ug. 7.1 ; 6.4 = 
Factor I, ............. 1 ug. tof! — 3.8 
pe. soma vote 1 mug. = == 157 
Benzimidazole ......... 1 ug. 2.2 1.3 2.8 
Benzimidazole riboside .| 1 ug. 5.8 — 3.0 
Factor B+benzimidazole 1 ug. = = 2.2 


Factor I, (=Factor B phosphoribose), benzimidazoleriboside,. and benzi- 
midazole, received later, made it possible to test some of the steps suggested 
above. The strain of Goniotrichum used in the earlier experiments had un- 
fortunately got infected, so plants from another isolation had to be used 
as inocula and they grew much more slowly. The results of three different 
experiments are given in Table 5. Factor I, apparently supported some 
growth. Benzimidazole stimulated growth only to a small degree. The addi- 
tion of benzimidazoleriboside was growthpromoting, but to what extent this 
was due to contaminations is difficult to estimate, as traces of By -factors 
were found in this preparation. 


Experiments with different additions of cyanocobalamin have shown that 
Goniotrichum reacts to amounts smaller than 1 mug. per litre. The appearance 
of the plants growing with 1 mug. per litre differs from that of the control 
plants much more than one might be inclined to conclude from the figures of 
the dry weight in Table 5. An addition of 1 ug. per litre of a completely in- 
active factor should thus give a visible growth if contaminated to one hund- 
redth of a percent with cyanocobalamin or some other more active factor. 
This fact must always be borne in mind when one evaluates the results of 
the experiments, since all these analogues are derived from naturally occur- 
ring sources. 

In these later experiments some growth was obtained with Factor B. The 
inocula had not been starved so thoroughly and, as the growth appeared at 
the beginning of the experiment and then ceased, it is very possible that 
Factor B could be used to some degree in the presence of cyanocobalamin. 
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In an experiment with better starved inocula additions from two different 
preparations of Factor B had no effect. 

The results of my experiments show that Goniotrichum is unable to carry 
out the three first steps in the mechanism of synthesis of cyanocobalamin 
suggested by Dellweg, Becher, and Bernhauer. Among the B; factors tested 
the alga seems to prefer a substance with one or two methyl groups or a 
hydroxy group on the base of the nucleotide, though it seems able to couple 
a base to Factor B phosphoribose. Other By analogues, X3 and Z1, also 
lacking the base but with a composition different from Factor B or In, 
produced an excellent growth. The cyanic groups are presumably unnatural 
and appear during extraction (Smith 1958). These facts make it questionable 
if cyanocobalamin is the only possible form of By active as a coenzyme. 
Cyanocobalamin as well as Factor III may be decomposed and a more active 
substance synthesized. The excellent growth with Factor X3 and Z1 points 
in this direction. Weissbach, Toohey, and Barker (1959) found an enzyme 
containing a By factor with 5,6-dimethylbenzimidazole as the base of the 
nucleotide in rabbit liver and cultures of propionic acid bacteria. Later they 
established similar enzymes in a cellfree extract from Clostridium tetano- 
morphum cultures, which contained a By factor with 5,6-dimethylbenzimid- 
azole, benzimidazole or adenine as the base of the nucleotide, but one mole- 
cule adenine seemed also to be coupled to the pseudoporphyrin ring. Addi- 
tions of adenine to cyanocobalamin-containing cultures of Goniotrichum had 
no effect, but the abovementioned investigation may indicate that there are 
B; factors more active than cyanocobalamin. 


Summary 


Several marine red algae have been cultivated in artificial seawater for a 
considerable time. Among them Goniotrichum elegans has been obtained in 
axenic culture by treatment with 500 U penicillin and 500 U streptomycin 
per ml for fourteen days. 

The axenically cultured Goniotrichum turned out to be vitamin hetero- 
trophic, vitamin B;2 being the necessary supplement. No addition of other 
vitamins increased growth. Methionine or other methyl donors could not 
replace B,2-nor had they any sparing effect. Additions of thymidine or uridine 
did not influence growth. 

Among the naturally occurring B;z analogues Factor A gave a growth as 
good as that with Bis, while Factor III increased growth five to six times. 
Factor B and pseudovitamin B;a were not utilized. Factor B phosphoribose, 
on the other hand, increased growth, which might suggest an inability to 
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synthesize the earlier steps in the biosynthesis of the cyanocobalamin mole- 
cule. However, the vigorous growth with Factors X3, Z1 and Z3, which lack 
the nucleotide, makes it questionable whether cyanocobalamin is the only 
possible component of a coenzyme. 
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Collybia velutipes is known to develop primordia as well as stipes in dark- 
ness while the growth of the pileus is greatly stimulated even by weak light 
(Akai 1940, Plunkett 1953, 1956, Aschan 1954, Takemaru 1954). In those 
cases where similar effects in other basidiomycetes have been studied in 
respect to their wave-length dependence blue light has generally been found 
most effective (see Marsh et al. 1959). The present author has observed well 
developed pilei in Collybia cultures receiving only occasional illumination 
from a weak incandescent lamp. Such irradiance contains a rather low pro- 


portion of blue light, so that the question arose whether this fungus might 
deviate from the rule. 


Methods 


The dicaryotic strain L1XL 7 was grown under conditions known to be favour- 
able for fruit body production (Aschan 1954, Aschan-Âberg 1958). Thus the Min 
medium (pH 5.8, 25 ml. per flask) was used and all cultures were pretreated for 
one week in darkness at +25°C. At least 5 replicate flasks were then placed at the 
bottom of a conical illumination chamber truncated at a height of 60 cm. above 
the base. On the top opening the light filter or filter combination was fitted. Over 
the filter a dish filled with distilled water to a height of about 5 cm. was placed in 
order to eliminate much of the infrared radiation from the incandescent lamp used 
as the principal light source and to protect the filter from excessive heating. As no 
temperature control cabinet was available for the experiments they were performed 
during the winter months in a greenhouse where temperature conditions favourable 
for fruit body production could be maintained (Aschan-Äberg 1958). 
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Wratten light filters and two types of Jena glass filters (Bg 18 and Bg 19) were 
used. The light intensities at the level of the cultures were measured with a selenium 
photo-cell, which had been calibrated against a thermopile so as to give an approx- 
imate estimate of the energy content of the visible radiation under the different 
filters. This calibration was kindly made by the staff of the Institute of Plant Physio- 
logy, Royal Agricultural College, Uppsala. 200 watt bulbs were used throughout 
except in combination with the single “45” filter where a 15 watt bulb gave a light 
intensity more comparable with that transmitted in the other cases. 


Results and Discussion 


The data of Table 1 show that light of wave lengths longer than 470 mu 
has been ineffective in causing development of pilei, and also that the pres- 
ence of such light is not necessary for this process to take place. It can of 
course not be excluded that the limit of the effective light may be moved 
to a longer wave length with increasing light intensity, but equipment for 
studying this question more closely was not available. The result does there- 
fore by no means exclude the possibility that carotenoids or riboflavin act 
as photoreceptors in the process, even if the absorbtion range of such sub- 
stances usually terminates at about 500 mu (see e.g. Goodwin 1952, Galston 
1959). 


Table 1. The production of fruit bodies at different wavelengths. Incandescent lamps of 
200 watts were used except in the case of filter “45” and a control in Exp. 1 where 15 watts 
was used. Development of pilei is indicated by “+” (normal), “(+)” (abnormal) or “—” 
(no development), see Figure 1. Only the best developed cultures and pilei have been con- 
sidered in the table. Control cultures in daylight, Exp. 1: + (2 repl.), (+) (4 repl.); Exp. 2: 
+ (2 repl.), no fruit bodies (2 repl.). Control cultures in incandescent light. Exp. 1: 


+ (3 repl.), (+) (1 repl.), no fruit bodies (1 repl.). 


; : Transmission Transmission | Relative light | Development 
Exp. Ele range mp optimum (my) intensities of pilei 
1 | 35-+2B-+ Bgl8 390—470 420 38 ae 
45 + 50 435—490 450 20 + 
45 + 35 435—470 450 45 (+) 
45 + 49 + Bgl9 435—500 460 15 (+) 
45 435— 550 480 20 + 
61 + 23A + Bgl9 565—605 580 15 — 
22 + Bgl9 550—700 6Q0—700 500 = 
2 | 35 + 2B + Bgl8 390 — 470 420 38 + 
45 + 50 435—490 450 20 + 
45 + 35 435—470 450 45 (+) 
45 + 49 435—500 460 — + 
45 435 —550 480 20 + 
45 + 58 470—545 510 — — 
45 + 15 510—545 525 70 = 
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a (+) 
Figure 1. Different stages of development of 
pileus. Normal, +; abnormal, (+); no devel- 


opment, —. 


After the conclusion of the experimental work the author learned of Akai’s 
similar studies of the same fungus in 1940. The.paper is wholly written in 
Japanese, but it has been possible to get some data translated, and they agree 
with the present ones in that normal pilei were developed in violet but not 
in green, orange, or red light. They are also in good agreement with 
results obtained by Boriss (1934) and Schneiderhöhn (1954) with Coprinus 
lagopus. 

Blue-sensitive processes like that discussed in the present paper are often 
assumed to be mediated by yellow pigments of carotenoid type or by ribo- 
flavin. It was therefore pertinent to search for their presence in mycelia of 
Collybia velutipes (L7, L1XL 7), capable of forming fruit bodies, and also 
in the sporophores themselves. This was done at the Department of Bio- 
chemistry, the University, Liverpool, under the kind supervision of Professor 
Dr. T. W. Goodwin. No detectable amounts of carotenoids were present in 
mycelia or sporophores, but in the former ones a fluorescent substance which 
could possibly be riboflavin was found. The R; values obtained by paper 
chromatography, however, clearly showed that it was neither riboflavin nor 
lumiflavin. The chemical nature of the photoreceptor involved in the devel- 
opment of the pilei of Collybia velutipes thus remains wholly unknown. 
It has been shown by Schneiderhéhn (1954) that also the fruit bodies of 
Coprinus lagopus are devoid of carotenoids. 


In the present connection it should be mentioned that the present author 
has never observed fruit body formation of Collybia velutipes on colourless 
mycelia, but only on yellowish to yellow-brown ones. The fluorescent sub- 
stance mentioned above occured both in coloured L7 mycelia (which have 
sometimes been observed to produce haploid fruit bodies) and in the practi- 
cally colourless L1 mycelia (which never give rise to fruit bodies), though 
probably in smaller amounts in the latter type. However, if yellowish pig- 
ments play any role in fruit body initiation they cannot be assumed to do so 


by functioning as photoreceptors as the first stages of fruit body development 
take place even in darkness. 
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Summary 


Only the blue end of the spectrum is active in causing normal development 
of the pilei of Collybia velutipes fruit bodies. These fruit bodies contain no 
detectable amounts of carotenoids. 


This investigation has been aided by grants from the Swedish Natural Science 
Research Council and from Consul G. C. Faxe’s Foundation. The author is greatly 
indebted to Professor T. W. Goodwin for the permission to work in his laboratory. 
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The present paper forms part of a series which was begun with mainly 
genetical aims in view (Aschan 1952). It was soon found that morphologically 
different strains of Collybia velutipes could not be sufficiently characterized 
by such simple means as the determination of their dry weight production 
under constant conditions, and other methods for quantitative description of 
the strains were sought, e.g. the measurement of their cellulolytic activity 
(Norkrans and Aschan 1953, Aschan and Norkrans 1953). Measurements of 
the linear growth rate of the mycelia, of the temperature dependence of their 
growth, and of their nitrogen and phosphorous content are now presented. 
Some of the experiments were also planned in the hope of finding some clue 
to the factors which regulate fructification and the phenomenon of incom- 
patibility. 


Materials and Methods 


The isolation, culture and characteristics of the mycelial types used have been 
described by Aschan (1952) and Aschan and Norkrans (1953). L 1, L 3 and L 7 are 
monocaryotic wildtypes isolated as single-spore cultures from fruitbody L, and 
L1XL7a dicaryotic mycelium synthesized from L 1 and L7. Elisa monocaryotic 
wildtype from fruit body E. Further mycelial types are mentioned in Tables 1 and 2. 

Many strains of Collybia velutipes have been rather constant during several 
years of culture (cf. Yen 1950) but a certain amount of variation has been observed, 
especially for the most frequently used monocaryotic types. A gradual “degeneration” 
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has repeatedly occurred. The yellow mycelia get paler or even completely white and 
the growth turns, slower and more compact (e.g. a degenerate form of A 1 described 
by Aschan 1952). Further changes result in a very flat growth of the mycelia on 
the agar surface without production of aerial hyphae, and the ability to form oidia 
is lost or extremely depressed. E 1 already showed the degenerate type of growth 
when isolated in 1948, and L 3 aquired it after a few years of culture and was used 
in the degenerate form for the present experiments. Two degenerated variants of 
L1, a and b, are compared in Figure 5. L1a is strongly degenerated with only 
slight production of aerial hyphae and L 1 b is of the already mentioned compact 
growth type. 

The growth rate experiments of Table 1 were performed on malt agar (2.5 % 
malt extract, 1.5 °/o agar), but otherwise the synthetic glucose-ammonium tartrate 
medium Min (=Min;, Aschan 1954a), was used. After autoclaving the pH is 
about 5.2. 

All dry weight values (DW, in mg.) given refer to the average weight of mycelia 
grown on 25 ml. of nutrient solution (125 Erlenmeyer flasks of American pyrex). 
The dispersion (0) of the values, calculated from the formula ®=3(M—m)?/(N-1), 
where N is the number of replicate values m, and M their mean, usually amounts 
to about 10 per cent of M, though it has greatly exceeded this value in some, specially 
mentioned cases (see Figure 1). To some extent standard errors (o/YN) are given 
as + values following the mean. 

The mycelia to be used for the chemical analyses were washed as rapidly as 
possible but until the disappeareance of positive reaction with the Nessler reagent. 
Prolonged washing (2—16 hours) in running water has been found to give large 
losses of P for some strains. The mycelia were then dried at 102°C over night, except 
for the determinations recorded in Figure 5 where the mycelia were lyophilized. 
The material was then powdered and stored in a desiccator. 

The method used for obtaining different P fractions is essentially similar to that 
of Katchman and Fetty (1955). Samples of about 10 mg. of lyophilized mycelium 
were extracted with 10 °/o trichloroacetic acid at 4°C for 3 successive periods of 
1 hour each, 20 ml. acid being used the first time. The total P of these extracts is 
called TCA phosphorous. The residue was then extracted twice with 95 °/o ethanol 
(5—10 ml.) for 30 minutes at 27°C and three times with an ethanol-ethyl ether 
mixture (3:1) at 80°C. The total P of these 5 extracts is called AE phosphorous, 
and the total P of the residue R phosphorous. The sum of the three phosphorous 
fractions (TCA+AE-+R=S) tended to be slightly lower than the value determined 
for the unfractionated material. For a 53 days old L 7 mycelium the direct analyses 
of total phosphorous thus gave 32.6+0.1 ug/mg. while S amounted to 31.1+0.3 
ug/mg. The TCA fraction is expected to contain mainly inorganic P (ortho-, meta-, 
pyro-, and polyphosphates) and acid soluble forms of organically bound P (e.g. 
sugar phosphates, adenosin phosphates, phosphoglyceric acid), the AE fraction the 
lipoid bound P (phosphatid-P), and the R fraction mainly the P of nucleic acids 
and perhaps also some polyphosphates (Katchman and Fetty 1955, Fries 1952, Paech 
and Tracey 1955, Umbreit et al. 1951). 

The main part of the chemical analyses were performed at the Institute of Physio- 
logical Botany, Uppsala. Nitrogen was determined with the micro-Kjeldahl method 
described by Hiller, Plazin, and van Slyke (1948), which method according to Nor- 
krans (1950) gives the same amount of N for mycelial samples of Tricholoma as 
the method of Dumas. The dispersion of the values determined for (usually at 
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least 3) replicate samples of 5 mg. dry mycelial powder amounts to about 1.5 per 
cent of their mean. 

Phosphorous was determined according to a modification of the colorimetric 
phosphomolybdate method of Fiske and Subbarow (Teorell 1931, Pregl and Roth 
1947) though sulphite-methol was used instead of naphtholsulphonic acid as a 
reducing agent (Scheel 1936) for the analyses recorded in Figure 5. The dispersion 
of the values determined for (usually at least 3) replicate samples of 5 mg. dry 
mycelial powder amounts to about 2 per cent of their mean. For the analyses of P 
fractions recorded in Figure 5, however, it is about 3 per cent. The residual glucose 
of the nutrient solutions (Figure 4) was determined manometrically after the addi- 
tion of glucose oxidase (notatin) and ethanol (Keilin and Hartree 1948). The dis- 
persion of the values for replicate samples was normaly about 3 per cent of their 
mean. For the extremely low glucose values at the end of each series, however, the 
dispersion was 10 per cent or more. 

The N and P analyses presented in Figure 4 and Table 4 were made at the Labora- 
tory of Analytical Chemistry, University of Uppsala, and are subject to analytical 
errors of maximally +0.5 per cent for N and +1 per cent for P. 


Linear Growth Rates 


During the course of the present studies it was repeatedly observed that 
dicaryotic mycelia may show a rather high growth rate even if synthesized 
from monocaryotic mycelia one or both of which were growing slowly. In 
some cases, however, a slowly growing component seemingly had a depres- 
sing effect on the growth rate of the dicaryotic combination. In order to 
illustrate the situation quantitatively the experiments summarized in Table 1 
were made. 

In the first experiment “Ryan tubes” (Ryan et al. 1943) were used and 
the progress of the mycelial front was measured every second or third day. 
The growth rate (G) was practically constant during the experimental period, 
but slight differences occurred between replicate tubes (usually duplicate) 
and a separate figure is therefore given for each tube. 

For a second experiment extra plane Petri dishes (9 cm. diam.) containing 
10 ml. agar medium were used, and the radial growth (G) of the mycelium 
was followed during 4 to 12 days. As in the first experiment the growth rate 
was practically constant during the experimental period, and G values are 
given for the replicate dishes. 

As exemplified by type 1, 2, 4, and 6 there are monocaryotic mycelia which 
grow as rapidly as many dicaryotic ones. On the other hand, the table con- 
tains many examples of slowly growing monocaryotic mycelia. In some cases 
these do not depress the growth rate of dicaryotic combinations containing a 
rapidly growing component (e.g. 3bX4, 3cX4) while in other cases the 
dicaryotic type seems to h: ‘an intermediate growth rate (e.g. 3aX4, 5X6, 
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Table 1. Growth rate at 25°C in darkness (G, mm/day) of different types of monocaryotic 
and dicaryotic mycelia on malt agar. The figures within brackets indicate the year during 
which a dicaryotic combination was synthesized. The mycelial types marked with asterisks 
are mutants obtained by N-mustard treatment. List of mycelial types (for details see 
Aschan 1952): 1: L1, single-spore culture isolated 1949; 2: L 7, do.; 3a: Al, single-spore 
culture isolated 1948; 3b: F 5, oidial haplont isolated from Ai in 1951; 3c: H 12, oidial 
neohaplont of nuclear type Al isolated from A1XA 11; 4: AA, single-spore eulture iso- 
lated 1948; 5: F 29/157, arginine-less mutant obtained from L 1; 6: F 36/257, uridine-less 
mutant obtained from L 7; 7: F 26/79, morphological mutant obtained from L 11; 8: F 34/107, 
methionine-less mutant obtained from L 1; 9: F 8/86, methionine-less mutant obtained by 
treatment of basidiospores of fruit body D. 


Ryan tubes, 1953 Petri dishes, 1957 

Monoc.myc: | Dic.myc. Monoc.myc. Dic.myc. 

Type G Type | G Type G Type G 
1 4.8; 4.8 1 X2 (49) 4.2; 5.0 1 2.5; 2.5; 2.8 1X2 (49) 4.4; 4.5 
2 4.7; 4.8 2 5.0; 5.0; 5.4 
3a 1.0; 1.0 3a X 4 (53) 4.2; 4.4 7 125817 7 X 3a(49) 4.8; 5.8 
SOIT 1.72.7304 (53) | 49, 5.0 3a | (very slow) | 
3c 1:66 3c X 4 (53) 4.8; 4.9 5* 16830 129) CID 6.3; 6.5 
4 4.7; 4.8 8* eB Ales} 8X9 (51 5.8; 5.9 
Orie 2.0 5 SG) 4.1 9% 0.9; 1.3; 1.6 
6 5.2 


1X2 in the year 1957). An interesting situation is represented by the com- 
binations 7X3a, 5X9 and 8X9, which all grow rapidly though synthesized 
from slowly growing components. These combinations showed fast growth 
when newly synthesized although the growth rates of the components had 
been rather low from their isolation and onwards (cf. the photos in Aschan 
1952). That a long time of subculturing may, in some cases, have a consider- 
able effect is exemplified by mycelium type 1, the growth rate of which has 
been almost halved from 1953 to 1957. 

Similar experiments have been made by Takemaru (1957), who compared 
two compatible monocaryotic mycelia of Collybia velutipes with two dicary- 
otic combinations obtained from them. The growth rates of these latter ones 
(radial growth 8.1 and 8.1 mm/day on potato sucrose agar) were superior to 
those of their components (3.2 and 6.7 mm/day, resp.). An example of more 
rapid growth of a dicaryotic mycelium of Collybia velutipes than a mono- 
caryotic one was given by Brodie (1936). 

Fries and Aschan (1952) obtained monocaryotic mycelia from one normal 
and one “degenerate” strain of Polyporus abietinus, and found both of these 
to grow slower on malt agar (about 3.6 and 2.3 mm/day, resp.) than a 
dicaryotic mycelium produced by combining them (about 7.0 mm/day). On 
the other hand, Mittwoch (1954) studied dicaryotic mycelia of Coprinus 
lagopus which showed a growth rate usually somewhat below that of the 
fastest of their monocaryotic components. 
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Influence of Temperature 


Some data on the growth rate at different temperatures are given in 
Figure 1. The dry weight values (DW) are averages of 5 to 6 replicates, (in 
exp. B only 3 replicates were used at 15°C), usually showing a dispersion of 
about 10 per cent. For the temperature range 15°—25° in experiment A the 
DW values of mycelium type L1 showed, however, dispersion values of 
about 50 per cent. Some of the data for L1XL7 have been published earlier 
(Aschan-Äberg 1956) together with the corresponding results for the deviat- 
ing strain Mi 460. The time course of the growth of L 1XL 7 at 20°C (broken 
line) and 25°C (unbroken line) is shown in Figure 3 A. 

The results indicate that the temperature optimum for shorter periods of 
growth (up to about 35 days) is in the range about 25°C, and that it tends 
to sink to the neighbourhood of 20°C when the culture period is prolonged. 


55 155 25° 35752 15° 25 35° 5° 15° 25° 35C 


Figure 1. Growth of some mycelial types (L1, L7 and L1XL 7) in darkness at different 

temperatures. A: dry weight (DW, mg. per flask) produced after 24 days (filled circles) 

and 47 days (open circles). The broken lines indicate the results of a second experiment 

made 2 months after the first one. — B: as A, but mycelia harvested after 14 days (filled 

circles) and 35 days (open circles). The L7 mycelium is a newly isolated neohaplont 
showing normal growth. 
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Figure 2. Production of fruit body rudiments at different temperatures. Mycelium type 
L1XL7. For the dry matter production of these cultures see Figure 1 A, 
continuous line with open circles. 


The possible irregularities in the range 5 to 10°C after prolonged culture 
must be the object of further experimental studies. No significant differences 
between various mycelial types used are apparent. The peculiar form of the 
curves for type L7 in exp. A is clearly connected with the early incidence of 
autolysis. 

Formation of fruit body rudiments on mycelium type L1XL7 were ob- 
served in the range 5° to 20°C (Figure 2). At the latter temperature, how- 
ever, only 2 out of 6 replicates gave such rudiments. At 25°C no fruit body 
rudiments appeared in spite of the profuse growth of the mycelium. The 
production of well developed fruit bodies in light has earlier (Aschan 1954 a, 
Aschan-Aberg 1958) been found to have its upper limit close to 20°C. 

The temperature relations of the growth of the mycelium of Collybia velu- 
tipes has earlier been studied by, among others, Humphrey and Siggers (1933) 
who placed it in a low-temperature group of wood-destroying fungi. They 
studied the growth on agar medium during an 8 day period within the 
temperature range 12° to 36°C, and found the optimum to be at 24°C and 
the upper limit of growth at 32°C Only 3 of the 11 fungi of the low- 
temperature group had optima as low as 20°C (for further examples see also 
Björkman 1946, Fries 1949, Norkrans 1950). One source of uncertainty in 
the classification of fungi according to their optimum temperature of growth 
is the dependence of the optimum on the length of the culture period which 
is especially noticeable on liquid media. Another source of uncertainty is the 
existence of strains with differing optima within the same species (Robak 


1942, Björkman 1946). 
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Also Brodie (1936) and Takemaru (1954) shortly mention that the optimum 
of the mycelial growth of Collybia velutipes is at about 2520 


N and P Content of Mycelia Grown on Min Solution in Darkness 


The elementary composition of a fungus is well known to be greatly in- 
fluenced by environmental conditions and especially by the composition of 
the medium. This is true for such elements as N and P whereas the C content 
of the mycelium seems to be less variable (see Cochrane 1958). Data on the 
N content of basidiomycetes are given by Heck (1929), Norkrans (1950), and 
Aschan-Äberg (1956), whereas data concerning their P content seems to be 
very scarce (see, however, Zellner 1908 a, b, for some data on fruitbodies of 
Polyporaceae, and König 1920). 

During the search for measurable biochemical-physiological differences 
between mycelia of Collybia velutipes a few preliminary analyses of L 1 and 
L7 were made which indicated a lower P content of the former strain, 
whereas their N content was rather similar. Under the circumstances it 
seemed desirable to follow the P and N content of mono- as well as dicaryotic 
mycelia during an extended period of growth. The results are presented in 
Figures 3, 4 and 5. In the latter figure the P content of the trichloroacetic 


EICHE 


30 50 70 20 40 20 40 20 40 20 days 


Figure 3. Dry matter production (DW), nitrogen (N) and phosphorous (P) content of dif- 

ferent mycelial types grown in darkness. The DW values are the mean of usually 6 repli- 

cates. The N and P values are the mean of 6—12 analyses (A) or at least 3 analyses (B). 

A: L1XL7 grown at 20° (broken line) and at 25°C (unbroken line). B!L1 L7,LIxvZ 
and E 1 grown at 25°C. 
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Figure 4. Glucose consumed (Glu, mg. per flask), dry matter produced (DW, mg. per flask, 

nitrogen (N) and phosphorous (P) content of some mycelial types grown at 25°C in dark- 

ness. The broken line indicates ihe amount of glucose added per flask. The DW values are 

the mean of 4 replicates, the Glu values the mean of 2—4 analyses, the N and P values 
the mean of usually 3 analyses. 


acid soluble fraction (TCA) and the alcohol-ether soluble fraction (AE) as 
well as the P content of the insoluble rest (R) is given. 

Most experiments were made at 25°C. At this temperature the amount of N 
has varied from 4.2 to 6.4 per cent and the P values from 1.3 to 3.7 per cent 
of the dry weight. Some data on the variation between individual mycelia 
are included in Figure 4. 

In the dicaryotic L1XL7 mycelium a decrease of the N content per unit 
dry weight during the most vigorous period of growth is indicated (Figures 3 
and 4). The monocaryotic L7 strain shows a similar but less marked tend- 
ency, whereas the N content of the monocaryotic strain L 1 tends to increase 
during the rapid initial growth and to fall later on when DW has obtained 
its maximum value. 

The P content per unit dry weight of most of the studied mycelia tends to 
rise during a rather long period. This increase may begin during the initial 
period of rapid growth (e.g. L1XL7 in Figure 4) but may also be delayed 
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40 80 20 80 days 


Figure 5. Dry matter production (DW) and phosphorous content in different fractions of 

some monocaryotic mycelia grown at 25°C in darkness. TCA: Fraction soluble in 10 %o 

trichloroacetic acid, AE: fraction soluble in alcohol and alcohol-ether, R: residual fraction, 

S: sum of P found in the 7'CA, AE and R fractions. The DW values are the mean of 
5—6 replicates, the P values of 3 analyses. 


to the period following the attainment of maximum dry weight (e.g. Lia 
and E 1 in Figure 5). The curves for total P and for the TCA fraction follow 
each other rather closely, though they tend to approach each other with 
growing age of the mycelia (Figure 5). This latter tendency is the result of 
a more or less pronounced diminution of the R and AE fractions. 

The previously mentioned observation of a lower P content of L 1 than of 
L7 mycelia is amply confirmed by the present data. Only for old mycelia 
in the phase of autolysis has an overlapping of the values been observed 
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Table 2. P content of mycelia belonging to different incompatibility groups. The four 
mycelia are derived from the spores of one basidium of a L1XL 7 fruit body (see Aschan 
1954), 25 b belongs to the same incompatibility group as L7 and 25 d to the same as Li. 
re Br u sn 


P kg/mg dry weight after 
: Incompatibilit 

Strain FIT y 21 days 44 days 

N Ca BAER Total P 
25 a a,b, 19.1 13.6 2.1 | 4.1 22.0 
25 b a,b, 17.4 12.1 1.8 3.5 16.0 
25 c a,b, 14.7 7.3 2.8 4.6 26.6 
25 d a,b, 11.1 6.7 1.5 2.9 16.1 


(Figure 5). Since L 1 and L7 are compatible strains (Aschan 1954 b) it was 
thought pertinent to analyse further strains in order to see if differences in 
their P content showed any relation to their pairing capacity. The data given 
in Table 2 show that there is a difference in the P content of strain 25d 
(incompatibility group aıbı) and 25b (asb>) which corresponds to that be- 
tween L1 (aıbı) and L7 (agbg). It is clear, however, from the further data 
included in Table 3 that the P content may vary widely within a certain 
incompatibility group. It is also clear that incompatible strains may show 
rather strong differences in their P content (e.g. 25a and 25d in Table 2). 
It can, of course, not be excluded that more specific P fractions than those 
determined in the present study may show more close connections with the 
incompatibility groups. Ritter (1955) and Petras (1958) have shown that (+) 
and (—) strains of some species of Mucoraceae may differ in P content (or 
in more specified acid soluble P fractions as demonstrated by Petras) and 
they suggest that such differences might possibly be a distinguishing char- 
acter between compatible strains. Their investigation is, however, restricted 
to only one mycelium of each incompatibility group and can therefore not be 
considered as a sufficient basis for a general conclusion. 


Table 3. P content of the TCA fraction of 21 days old mycelia belonging to the incom- 
patibility groups aıbı and agbs. P values in ug/mg. dry weight. Values for Lila, Lib 
and L7 from Figure 5. 


CTP NE MS ie We es AY ee | 254 | 48 b 
Giller cone | 7 | 8 se) eee 
Type urnes] > np rar 
a, D, 
| mp ent |) 917 ee | an 
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Table 4. P and N content of the dicaryotic strain L1XL 7. Harvested at 35 days. D=dark- 

ness. L=light. F.f.=fruiting frequency given as the number of flasks with fruit body 

rudiments divided by the total number of replicate flasks. “F” indicates the appearance 

of further developed fruit bodies. Initial pH 5.2. The data relate to the experiments also 
described in Figure 1B. 


Environmental pg/mg. DW Final Ff | 
conditions N P ne pH ; 
15° D Min — 18.7 | 111.2 + 7.2 4.3 | 3/3 
20, 60.5 23.1 136.7 + 2.5 4.1 0/6 
Pa 63.6 25.0 168.7 + 3.4 4.0 0/6 
20 7.9 % 53.6 18.8 199.1 + 5.4 4.0 3/3(F) 


P and N Content of Mycelia Grown at Different Temperatures 


From the data presented in Figure 3A and Table 4 it appears that the 
total P content of the L1xXL7 mycelia grown on Min solution tends to in- 
crease with the temperature in the range 15° to 25°C. Mycelium L 7 seemingly 
behaves like L1XL7, while the total and TCA phosphorous content of L3 
sharply declines with a temperature change from 20° to 25°C (Table 5), 
which might be connected with the corresponding decline of the DW value. 
As far as studied (Figure 3 A, Table 4) the N values vary in the same manner 
as do the P values and the P content of mycelia grown in light is lower than 
in darkness. 

The formation of fruit body rudiments in darkness takes place easily at 
15°C, more irregularly at 20°C and usually not at all at 25°C (Aschan 1954 a, 
Aschan-Äberg 1958), but light is necessary for the further development of 
the fruit bodies (L.c.). It might then be assumed, either that the low P and 
N contents associated with low temperature might be favourable for initia- 
tion and development of fruit body rudiments or that this development might 
cause the lowering of the P and N values. Some monocaryotic mycelia of 
Collybia velutipes have previously been found to produce rudimentary fruit 
bodies (Aschan 1954b). During the present experiments no signs of fruit 


Table 5. P content of two monocaryotic strains. Mycelia harvested after 28 days. Initial 
pH value 5.2. Average values for 6 replicate flasks. D=darkness. 


a eee nN EEE —  —, m 


Strain | Environmental P pg. / mg. dry weight 
conditi pere: 
ee S TCA | AE | Ry 1) DNS II 
L 7 20°D Min 22.1 17.2 1:7. | 3.2 96.1 + 5.4 4.4 
A ZI er 24.6 19.3 1.8 0 164.3 + 6.4 4.3 
L 3 20.2, 19.7 17.21 3.3 5.3 104.4 + 6.8 4.2 
FF Pee cp 14:3 3.4 3.3 4.6 66.9 + 8.6 4.5 
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Table 6. Economic coefficients for 3 mycelial types, calculated for growth periods of 
different duration. 


DW/glucose consumed 
Days 
eee Pie TENTE LE7 
25 0.36 0.45 0.51 
35 0.23 0.41 0.41 
42 0.19 0.32 0.37 
49 0.16 0.29 0.38 


body initiation have been observed for L1, L3 and El mycelia, while in 
rare cases L7 has given rise to mature haploid fruit bodies (not observed in 
Aschan 1954b). It is therefore interesting to notice that L7, similarly to 
L1XL7 but contrary to L3, has a lower N and P content at temperatures 
suitable for fruit body production. 


Economic Coefficients 


The experiment presented in Figure 4 gives the relation between dry weight 
production and glucose consumption for three different mycelia. The eco- 
nomic coefficient (EC), calculated as the quotient DW/ (glucose consumed at 
maximum DW), is about 0.2 for L1 and about 0.4 for L7 and L1XL 7. 
As the point of attainment of maximum DW is not exactly known the 
quotients DW/glucose consumed have also been calculated for different 
growth periods (Table 6). The data are in good agreement with those gen- 
erally found for fungi (0.20 to 0.35 or higher, Cochrane 1958, see also Hartel 
1959). As the maximum dry weight production of L 1 is in other cases (see 
Figure 3 B and 5) more similar to that of L7 the observed differences in EC 
might not occur generally but be related to the instability of the growth 
properties of the mycelia. 

In this connection it should be mentioned that rather high values (up to 
about 0.7) for the quotient DW/available glucose may be calculated from the 
data published by Aschan-Aberg (1958). These high values correspond to 
cases of efficient fruit body production in light. 


Discussion 


One of the objects of the present study was to compare some physiological 
characteristics of monocaryotic mycelia with those of dicaryotic ones. The 
monocaryotic mycelia may be expected to be the more variable group where 
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mutations are most easily observed (cf. Aschan 1952, Fries and Aschan 1952), 
while in a dicaryotic pairing complementary gene action may tend to level 
out the differences as is shown by the growth measurements of Table 1. 

Monocaryotic strains of Collybia velutipes normally remain remarkably 
constant for several years after their isolation as has also been observed by 
Yen (1950). During the present studies spontaneous changes of the L strains 
were not observed during the first 4 years. Then morphological changes and 
a tendency for early autolysis became apparent for the L7 strain. Some- 
what later similar changes were also observed for the L 1 strain, while the 
dicaryotic combination L 1L7 remained more constant. In this connection 
it should be mentioned that normally the mycelia of Collybia velutipes show 
a rather weak tendency for autolysis, as judged from the fact that the DW 
values of the cultures may remain at their maximum value (or at least close 
to it) for periods as long as 3 months or more. 

The nitrogen content of ”molds“ usually amounts from 3 to 6 °/o of the 
dry matter (Foster 1949). Very young mycelia may show higher values, while 
extremely low values may occur under N starvation. For the basidomycetes 
similar values apply. The N values of Collybia velutipes thus range from 
1.7—10.5 °/o (Aschan-Äberg 1956, see also Figures 3 and 4 and Table 4 of 
the present paper), and for some Tricholoma species Norkrans (1950) reports 
values varying from 2.8 to 8.2 °/o. Sometimes the relative N content of a 
mycelium tends to decrease rather strongly with increasing age (e.g. the data 
for young Collybia mycelia given by Aschan-Âberg, 1956), but cases of rather 
restricted changes with age also occur (e.g. the data given in Figures 3 and 4 
for Collybia, data for Tricholoma in Norkrans 1950). Probably differences 
in the cultural conditions may result in different rates of decline of the 
relative N content, but the rate of this decline may also show some relation 
to the mycelial type as discussed above. The decline of the N content is 
probably not due to alterations in the cell wall material since the relative 
chitin content usually increases with age in acid media (Behr 1930, Schmidt 
1936, Blumenthal and Roseman 1957). 

The available data concerning the phosphorous content of fungi show a 
wide variation range. The P content is usually but not always lower than 
the N content. For fruit bodies of Polyporaceae Zellner (1908 a,b) reports 
values lower than 0.1 °/o of the dry weight. Lim (1935) found about 0.8 °/o P 
in a Rhizopus species, and Smithies (1952) 0.7 °/o in a Penicillium species 
which contained 3.2 %/o N. For Penicillium notatum Fink et al. (1953) report 
a P content varying from 3.7 to 5.7 °/o; the N content varied from 4.4 to 
7.4 °/o and was sometimes lower than the P content. In the present study 
P values ranging from 1.3 to 3.7 °/o of the dry weight have been found for 
Collybia velutipes. 
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The P content may be expected to vary with the cultural conditions and 
the age of the mycelium. Extensive data are available in this respect espe- 
cially for Aspergillus (Schnücke 1924, Rennerfelt 1934, Mann 1944, Bajaj 
et al. 1954). The P content ranges from 0.04 to 2 °/o and tends to decrease 
with increasing age of the mycelium (Schniicke 1924, Bajaj et al. 1954). For 
a Penicillium and an Oidium species, however, the P content remains fairly 
constant or tends to increase with age (Schniicke 1924). This latter behaviour 
is in good agreement with the results obtained with Collybia velutipes 
(Figures 3, 4 and 5). 

A more close analysis of the relationship between phosphorous metabolism, 
growth and development presupposes a knowledge of the different phos- 
phorous fractions and their behaviour. Much remains to be done in this field 
and only some few points will be referred to in the present connection. 

It is conceivable that the absolute amount of nucleic acids and phospho- 
lipids should increase in young growing mycelia (see the studies of Michel- 
Durand 1938 and Gayet 1948 on Sterigmatocystis (Aspergillus) nigra). In the 
present study it has been shown, however, that the relative content of phos- 
pholipids (AE fraction) tends to remain fairly constant during the growth of 
Collybia velutipes mycelia, while the relative content of nucleic acids (and 
polyphosphates?) (R fraction) may even show a pronounced decrease 
(Figure 5) during the phase of rapid growth. 

The TCA fraction may be expected to contain inorganic phosphates as well 
as a number of organic phosphorous compounds (see for ex. the studies of 
Kita and Peterson 1953 on Penicillium chrysogenum). The presence of meta- 
phosphates in Collybia velutipes was studied with the metachromatic test 
of Wiame (1949) which gave positive results. Polymetaphosphates are pre- 
viously known to occur in Aspergillus and Neurospora (see Cochrane 1958). 
In the present connection it should also be mentioned that Nilsson (1956) 
studied the effect of fructose-1,6-diphosphate on the growth of the L1 and 
L7 strains of Collybia velutipes, which both responded positively on the 
addition. of 00065 °/o of this substance. Increased concentrations (up to 
0.025 °/o) further stimulated the growth of L 1, but depressed the growth of 
L7 which, however, remained well above the control level. 

A low concentration of N in the medium, increasing age of the mycelia 
and low temperature are all factors which favour the production of fruit 
bodies in Collybia velutipes (Plunkett 1953, Aschan 1954, Aschan-Aberg 
1958). They also tend to lower the N content of the mycelia, and some connec- 
tion between low N content and tendency to fructification might thus be 
suspected. Naturally such a connection could be rather indirect and depen- 
dent on yet undetermined metabolites or growth regulators. 

Also the relative P content of the mycelia tends to be lower under condi- 

Physiol. Plant., 13, 1960 


294 KARIN ASCHAN-ÂBERG 


tions favourable for fruit body production (low temperature, light). Again, 
low P content can naturally not be considered as a sufficient cause for the 
commencement of fructification as is apparent from the existence of non- 
fruiting monocaryotic strains with unusually low P content. As in the case 
of the possible but uncertain connection between P content and incom- 
patibility groups consideration must be given to the possibility that specific 
P compounds are involved. From this point of view the observation of Buston 
and Khan (1956) that the formation of perithecia in Chaetomium globosum 
is stimulated by phosphoglyceric acid, is of some interest. 


Summary 


A number of mono- and dicaryotic mycelia of Collybia velutipes have been 
studied. Monocaryotic mycelia show a wider range of variation with respect 
to their growth rate than do dicaryotic ones. These latter mycelia often show 
a growth rate similar to that of the fastest growing component, but cases of 
intermediate growth rate were also found. 


No major differences in the optimum temperatures for vegetative growth 
on a synthetic liquid medium have been observed. This optimum tends to 
shift from about 25° to about 20°C with increasing length of the growth 
period. 


Under the conditions of the present study the N content of the mycelia 
varies from 4.2 to 6.4 °/o of the dry weight, and the P content from 1.3 to 
3.7 °/o. The N content usually tends to decrease during the period of rapid 
growth, while the P content tends to increase during the same period. This 
increase is located in the P fraction soluble in 10 °/o trichloroacetic acid, 
while the P fraction comprising the nucleic acids instead decreases. Differ- 
ences in the P content of different mycelial types occur, but cannot at present 
be used for the characterization of incompatibility groups. Conditions favour- 
able for fruit body production tend to lower the N and P content of the 
mycelia. 


Economic coefficients calculated for vegetative growth range from 0.2 to 


0.4, but higher values have been found under conditions leading to fruit 
body production. 


This investigation has been supported by grants from the Swedish Natural Science 
Research Council. 
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Introduction 


Although kinetin (6-furfurylaminopurine, “furfuryladenine”) has diverse 
effects on plant growth, it has probably attracted greatest attention as a cell- 
division factor (11, 13). Investigations of the action of kinetin in cell division 
have proceeded along two lines: (a) comparisons of the chemical structure of 
kinetin analogs with their biological activity and (b) cytological examina- 
tions of kinetin-treated tissues. Experiments in which the first approach was 
used have suggested that the function of the side chain substituted in the 
6-amino group of adenine “. . . is to endow adenine with the right physical 
properties — possibly the right solubility — to reach some critical spot within 
the cell” (13). Experiments in which the second approach was used suggested 
that kinetin functions in cell division by inducing “. . . premature prophase 
initiation” and by certain “. . . effects on the coiling cycle of the chromo- 
somes” (2). Nongerminated lettuce seeds should be favorable material for 
such studies because effects on cell division are uncomplicated by other 
growth effects (5, 6) and because lettuce seeds have been reported to respond 
(in respects other than cell division) to kinetin analogs other than 6-(sub- 
stituted) aminopurines (10). In this paper it will be shown that in lettuce 
seeds acceleration of cell division by kinetin cannot be attributed to its being 
a source of adenine and, except for shortening interphase, kinetin apparently 
does not affect chromosomes or alter the course of mitosis. 
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Materials and Methods 


All experiments were performed with a single batch of lettuce seed, Lactuca sativa, 
var. New York. For studies of mitosis in nongerminated seeds, the seeds were sown 
on one piece of 9-cm. Whatman No. 1 filter paper moistened with 4 ml. of solution 
in covered 9-cm. petri dishes. The dishes were maintained at a constant temperature 
of 33.8°C in darkness, after which the apical 0.5 mm. of radicles in nongerminated 
seeds were examined for mitotic figures as previously described (6). Methods per- 
taining to the one experiment dealing with radiation-induced chromosomal aberra- 
tions in seedling root tips are described in the footnotes of Table 4. 

Samples of 6-benzylaminopurine and 6-benzylthiopurine were kindly supplied by 
Dr. C. G. Skinner, Clayton Foundation for Research, Biochemical Institute, University 
of Texas. 

The terms “nongerminated” and “dormant” refer to seeds whose embryos have 


undergone no visible growth by expansion, apart from the initial water uptake 
during moistening. 


Results and Discussion 


1. Effects of thio- and aminopurines 


If kinetin stimulates cell division by serving as a vehicle for adenine to 
reach certain sites within the cell (13), we should predict that for any 6-(sub- 
stituted) aminopurine active in cell division, the corresponding 6- (substituted) 
thiopurine should be either inactive or inhibitory. This is because 6-mercapto- 
purine usually inhibits growth and is considered an “antimetabolite” of 
adenine (8, 17). Our experiments were undertaken to see if the activity of a 
6-(substituted) thiopurine in cell division parallels that of the corresponding 
6- (substituted) aminopurine (as in lettuce seed germination, 10), or if the sul- 
fur analog fails to act in a manner similar to that of the 6- (substituted) amino- 
purine (as predicted by Strong’s theory, 13). 


Although Skinner et al. (10) found that certain 6-(substituted) aminopurines and 
the corresponding 6-(substituted) thiopurines can stimulate lettuce seed germination, 
this breaking of dormancy associated with the initiation of germination results from 
an activation of cell expansion and is unrelated to cell division (5). Such dormancy 
in lettuce seed can be broken by kinetin under conditions for which the first mitoses 
lag several days behind the initiation of expansion (4, 5). Moreover, thiourea inhibits 
cell division in nongerminated seeds even though it stimulates the initial cell expan- 
sion in germination. Gibberellic acid and red light have no effect on mitosis in non- 
germinated seeds although they stimulate this cell expansion (6). Thus the activity 
of any agent on cell expansion in the initiation of germination is not generally any 
indication of its activity on cell division in the absence of growth by cell expansion. 


Lettuce seeds were sown with 6-(substituted) purines under conditions (see 
Materials and Methods) in which the first mitoses preceded germination, so 
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that such mitotic activity could be studied in the absence of over-all growth 
in seed populations unbiased by germination resulting from the different 
chemical treatments (for discussion of the design of such experiments, see 
Ref. 6). It is generally important to remember the distinction between mitosis 
(i.e., nuclear division) and cell division (11). In this paper mitosis always 
implies cell division since we have never observed binucleate cells in the radicle 
tips of lettuce embryos. Figure 1 shows germination as a function of time for 
seeds sown in water with or without kinetin, 6-benzylaminopurine, 6-benzyl- 
thiopurine, or the parent compounds adenine and 6-mercaptopurine. The low 
germination percentages at 18 and 23 hours show that sampling of non- 
germinated seeds at these times should not be significantly biased by 
germination. 


Table 1. Effects of 6-(substituted) purines on mitosis in nongerminated seeds after 18 hours.‘ 


Ne ; | A ; No. of mitotic 
Thatment es APE nl mitotic RE figures detected} 
examined "eurpe figures en 
Water controls ......... 50 1(1 1 0.02 
6-Benzylaminopurine3 50 3(1), 1(5), 1(6), 1(38) 52 1.04 
6-Benzylthiopurine®... 50 1 0.02 
Kinetin® 1.2.5. Mrs 50  |4(1), 1(8), 1(11), 1(16),1(22)| 61 1.22 


I See text for statistical interpretation of results. 


? x(y) denotes that x radicles had y mitotic figures each. Thus, for 6-benzylaminopurine, 
each of 3 radicles had 1 figure, 1 radicle had 5 figures, 1 had 6 figures, 1 had 38 figures, and 
no figures were detected in the remaining 44 radicles. 

3 Concentrations were 510-5 M. 


Physiol. Plant., 13, 1960 


ACTION OF 6-(SUBSTITUTED) PURINES 301 


After 18 hours in water the first mitoses had barely begun (Table 1). 
Mitosis was more frequent in those seeds treated with the 6- (substituted) 
aminopurines than it was in the water controls. As in previous studies (5, 6), 
the distribution of figures among radicles within any one treatment greatly 
deviates from randomness (Poisson distribution). This deviation from random- 
ness precludes the application of contingency tests in which the contribution 
to x? from any radicle is a function of the number of mitotic figures detected 
in that radicle (12). The significance of differences between treatments can 
be tested, however, by contingency tables in which radicles are separated into 
different classes on the basis of number of mitotic figures observed. The data 
for kinetin-treated and control seeds in Table 1 can thus be broken down into 
three classes: radicles having no figures, radicles having 1 figure, and radicles 
having 8 or more figures. Calculation of y? for the 2 degrees of freedom gives 
p=0.042. Since this calculation does not take into account, for example, that 
the class with 8 or more figures should be more important than the class with 
1 figure, the estimate of significance is very conservative. The data in Table 1 
thus show that the 6- (substituted) aminopurines accelerate the first mitoses in 
nongerminated seeds. For more detailed analysis of the effects of 6-(sub- 
stituted) purines on mitosis, however, slightly longer incubation times will be 
necessary to obtain greater mitotic activity. 

By 23 hours (Table 2) the mitotic activity in water had increased over that 
at 18 hours, yet presumably it still consisted largely of division of cells orig- 
inally present in the embryo. Table 2 shows, as expected, that kinetin and 
6-benzylaminopurine increased the mitotic activity over that of water con- 
trols. Most crucial for the present argument, however, is the marked stimula- 
tion of mitosis by 6-benzylthiopurine. The control and benzylthiopurine data 
in Table 2 were broken down into six classes: radicles having 0, 1, 2, 3—4, 
5—11, or 12 or more mitotic figures. The value of x? for the 5 degrees of free- 
dom gave p=0.015. Since this is a conservative estimate of the significance 
of the difference (see preceding paragraph), the data indicate a real accelera- 
tion of mitosis by 6-benzylthiopurine. Neither of the parent compounds, 
adenine and 6-mercaptopurine, affected mitotic activity when tested at the 
same concentration (5X10-% M) as benzylaminopurine, benzylthiopurine, 
and kinetin. For 10? M adenine and 6-mercaptopurine there was perhaps an 
indication of mitotic inhibition, but we could not establish any differences by 
statistical procedures. Certain ions (H2PO47, SO,~~) that penetrate the cell 
membrane cannot penetrate the lettuce seed coats. This permeability barrier 
can be removed, however, by puncturing the seed coats with a fine needle (7). 
When the seed coats were pricked on the nonmicropylar ends and then sown 
in water, 10-3 M adenine, or 6-mercaptopurine, the results were essentially 
the same as with the unpunctured seeds (Table 2), including the trend to- 
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Table 2. Effects of 6-(substituted) purines on mitosis in nongerminated seeds after 23 hours.! 


a —————————————————————————— À 


N f Tolalına No. of mitotic 
0.0 : : W: ; 
Treatment radicles Soh nt ns of mitotic In ee 
examined 8 figures ee 
Water controls ......... 100 APR 1(4), 1(5), 1(6), | 40 0.40 
1 | 
6-Benzylaminopurine 50 11(1), 4(2), 1(5), 1(10),1(11), | 121 2.42 
(5X 10-5 M)......... 1(15), 1(21), 1(40) | 
6-Benzylthiopurine 100 5(1), 5(2), 3(3), 1(7), a: 413 4.13 
(5X10—5 M)......... 2(14), 1(18), 1(19), 2(20), 
1(24), 1(32), 1(33), 1(36), | 
1(141 
Kinetin (5X 10-5 M) 50 | 2(1), 4(3), 1(4), 1(6), 2(7), | 391 7.82 
1(10), 1(13), 2(14), 1) 
1(29), 1(38), 2(47), 1(60), 
1(63) 
Adenine (5X 10-5 M) 50 1(1), AA 1(9), 1(17) 32 0.64 
Adenine (10-3 M)...... 50 | 21), 2(2), 1(5) 11 0.22 
6-Mercaptopurine 50 2(2), 1(6), 2(7) 24 0.48 
(5X 10-5 M)......... | 
6-Mercaptopurine 100 3(1), 1(2), 1(3), 2(4) | 16 0.16. 
(10-3 M) ana | 
Pricked? seeds in water 50 1(1), 1(6), 1(40) 47 0.94 
Pricked3 seeds in 10—3 50 1(1), 1(4), 1(7) 12 0.24 
M adenine ............ 
Pricked3 seeds in 10-3 50 1(1), 1(8) 9 0.18 
M 6-mercaptopurine 


1 See text for statistical interpretation of results. 
2 See footnote 2 of Table 1. 
3 Seed coats punctured at the nonmicropylar end of the seed. 


ward mitotic inhibition with 10-? M mercaptopurine. Thus it seems unlikely 
that the failure of adenine and mercaptopurine to affect mitotic activity 
significantly could be attributed to impermeability of the seed coats. The 
results of Table 2 contradict the theory that kinetin and structurally related 
compounds stimulate cell division by being a source of adenine for certain 
sites within the cell, since both 6-benzylaminopurine and 6-benzylthiopurine 
stimulate mitotic division. The failure of adenine and 6-mercaptopurine to 
affect mitotic activity significantly also suggests that adenine is not a factor 
responsible for kinetin-induced mitotic stimulation. To our knowledge this 
is the first report of a direct stimulation of cell division by a 6- (substituted) 
thiopurine. After completion of these studies and correspondence with Dr. 
F. Skoog, we learned that similar results with benzylthiopurine and mercapto- 
purine have been found on cell proliferation in tobacco tissue cultures 
(F. Skoog, private communication, 1959). 

Although these findings impose certain restrictions on theories that depend 
on the similarity between kinetin and adenine in chemical structure, they do 
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not rule out the suggestion that the activity of kinetin in cell division is some- 
how related to its being a simple derivative of adenine (13). Although it is 
difficult at present to postulate biochemical mechanisms of action for kinetin 
in cell division, the similar activities of 6-benzylaminopurine and 6-benzyl- 
thiopurine suggest that kinetin functions as an antimetabolite or antagonist, 
rather than a metabolite, in some aspect of purine or nucleic acid metabolism. 


2. Cytologic Observations 


Guttman (2) reported that kinetin treatment of onion roots increased the 
percentage of cells undergoing mitosis and produced various morphological 
and cytological abnormalities. Kinetin also apparently altered the relative 
frequency of mitotic stages (prophase through telophase), decreasing the per- 
centage of prophase figures and increasing the percentage observed at telo- 
phase (2). This led to the conclusion that kinetin shortens prophase and 
lengthens telophase, and must therefore influence the rate of spiralization 
and despiralization of the chromosomes (2). We attempted similar experi- 
ments on mitosis in nongerminated lettuce seeds. Seeds were not fixed until 
they had been 48 hours with or without kinetin and its analogs (Table 3) to 
obtain a greater extent of mitotic activity in the water controls than found at 
earlier times and to minimize any possible synchrony in mitosis among dif- 
ferent seeds, as might be expected during the first or early mitoses. A true 
estimate of the effect of kinetin and its analogs on mitotic activity cannot be 
made from the data in Table 3 because the different germination percentages 
at 48 hours (Fig. 1) necessitated examining nonequivalent populations of non- 
germinated seeds. If differential germination did cause some population bias 
among the nongerminated seeds, such bias would probably tend to minimize 
the true increase in mitotic activity since the seeds with gréatest sensitivity 
to the 6-(substituted) purines should be the ones most likely to germinate 
and therefore would not be available for cytological examination. There was, 
nevertheless, greater mitotic activity in seeds treated with benzylaminopurine, 
benzylthiopurine, and kinetin than in the water controls. In Table 3, the data 
for water controls and the pooled data from the three 6-(substituted) purines 
may be broken down into 14 classes: radicles having 0, 1, 2, 3, 4, 5—6, 7 —8, 
9—10, 11—13, 14—17, 18—-21, 23—30, 32—37, or 49 or more mitotic figures. 
The value of x? for the 13 degrees of freedom gave p=0.028. The inappro- 
priateness of this statistical procedure (which assigns no more weight to the 
class of radicles having 49 or more figures than to the class having 1 figure 
— see discussion in Section 1) and the sampling bias tend to underestimate 
the significance. There are, however, no significant differences in the relative 
frequency of the mitotic stages resulting from treatment with these 6-(sub- 
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stituted) purines (Table 3). At this point it should also be mentioned that we 
did not observe any cytological abnormalities resulting from treatment with 
kinetin and its analogs. This suggests that the cytological abnormalities and 
the apparent effects on the relative frequency of mitotic stages observed by 
Guttman (2), although possibly actual effects of kinetin, were not associated 
with its capacity to stimulate cell division but were related to its growth- 
inhibitory and toxic effects on the onion roots (2). This seems likely inas- 
much as the decrease in percentage of prophase figures and increase in per- 
centage of those observed in telophase were found even for a kinetin concen- 
tration that did not significantly increase the mitotic ratio in the onion roots 
(see Tables 1 and 2 of Reference 2). The studies of mitotic activity reported 
in the present paper were not complicated by morphological or growth 
abnormalities because the lettuce seeds were sampled before germination. The 
failure of kinetin to alter the percentage of mitotic stages (prophase through 
telophase) or to produce cytological abnormalities despite its great stimula- 
tion of mitotic activity indicates that kinetin can function as a “trigger” per- 
mitting or hastening onset of mitosis but does not necessarily affect the course 
of mitosis once it is initiated. Assuming that kinetin shortened prophase and 
lengthened telophase, Guttman (2) postulated that kinetin functioned by 
affecting RNA metabolism of the nucleus. Unfortunately, further studies (3) 
implicating nuclear RNA metabolism in the mechanism of kinetin action 
were performed with the same biological material and kinetin concentrations 
that had shown growth abnormalities in the earlier studies. 

The possibility that kinetin affects chromosomal movements during inter- 
phase was also explored. It has been suggested that the yield of radiation-. 
induced chromosomal aberrations depends on chromosomal movements (1, 16) 
as well as on metabolism (15). Air-dry lettuce seeds were irradiated with 
Co® y rays, germinated, and treated with colchicine to produce large num- 
bers of metaphase figures with chromosomal aberrations. In such an experi- 
ment (when all cells are in interphase during breakage and rejoining, 15) 
(Table 4) the extent of chromosomal aberrations was unaffected by sowing 
the seeds on kinetin at a concentration that accelerated mitotic divisions in 
the absence of over-all growth in this same batch of seeds (6). These studies 
with radiation-induced chromosomal aberrations might suggest that kinetin 
does not directly affect interphase chromosomes, and would thus parallel the 
finding that kinetin does not seem to alter chromosomal movements from 
prophase through telophase or to otherwise produce cytological aberrations. 

The action of kinetin in cell division is thus apparently solely on cells in 
interphase since it does not seem to affect the course of mitosis once initiated 
or to otherwise directly affect the chromosomes. It has not been demonstrated, 
however, that the primary site of kinetin action in nuclear division is neces- 
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Table 4. Effect of kinetin on y-ray-induced chromosomal aberrations in lettuce root tips.! 


tt ss TEE 


Chromosomal aberrations 
R Time! Me EU Normal per 100 metaphase figures 
Treatment? re} ern metaphase Breaks resulting 
dose? (kr)| (hr) figures Hache À : 
observed 8 Deletions| in detectable 
exchanges? 
(%) 
Water controls 0 17 100 92 8 0 
Kinetin@ ec. 0 17 100 90 5 10 
Water controls 27.2 24 231 41.1 26.0 114.3 
Kinetin "7 27.2 24 192 45.8 24.0 107.3 


1 Some of the data in this table have been reported in a previous communication (4). 

2 Kinetin concentration was 10-5 M, previously shown to stimulate mitosis and cell divi- 
sion in nongerminated seeds (6) from the same batch as those here studied. The germinating 
seeds were given 35 ft.-c. white light continuously at 25 + 1°C. 

3 Dose delivered to air-dry seeds at 53.4 kr./hr. from a Co® source (4) before sowing. 

4 By the times indicated, germination was complete (>90 °/o) and roots had grown 
2—4 mm. The germinated seeds were then transferred to 0.2 °/o colchicine for an additional 
2 hours and then fixed. 


5 Breaks resulting in detectable exchanges were 2na+4n4+6ne, where nz, n4, and ng 
refer to the number of 2-hit (dicentric and ring), 4-hit (tricentric), and 6-hit (tetracentric) 
aberrations, respectively. 


sarily in the nucleus since events in the cytoplasm can undoubtedly affect 
the initiation of nuclear division (see literature cited in References 9 and 14). 


Summary 


At a concentration of 5X 10° M, 6-benzylthiopurine, 6-benzylaminopurine, 
and kinetin accelerate mitosis and cell division in radicles of nongerminated 
lettuce seed. The same concentration of adenine or 6-mercaptopurine has no 
effect on mitotic activity, and 10”? M 6-mercaptopurine may be slightly in- 
hibitory. Under conditions for which kinetin and its analogs stimulate mitotic 
divisions in the nongerminated seeds, they do not alter the relative frequencies 
of figures observed in prophase, metaphase, anaphase, and telophase and do 
not cause cytological abnormalities. The yield of radiation-induced chromo- 
somal aberrations in seedling root tips was unaffected by sowing y-irradiated 
seeds on kinetin. These results indicate that kinetin cannot accelerate cell 
division by serving as a source of adenine to sites within the cell, and that it 
seems to “trigger” the onset of mitotic division in interphase cells but does 
not affect the course of mitosis once it has begun or otherwise act directly 
on the chromosomes. 
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Monotropa Hypopitys L. has long been an enigmatic plant. Both plant 
physiologists and, in particular, specialists in mycorrhizal research, have de- 
voted considerable attention to it, and widely varying views have been held 
regarding its biology. Since it is devoid chlorophyll, it was originally regarded 
as a root parasite. This theory was refuted by Graves, Curtis and Hooker 
(1826), among others, who showed that Monotropa roots were quite free from 
the tree roots although intermixed with them in the soil. The first to observe 
that Monotropa roots are normally enveloped by fungal hyphae was Elias 
Fries (1832), who also gave the fungus a separate name — Tuburcinia 
Monotropa. 

In 1840, however, also Unger regarded Monotropa as a parasite — a view 
that was not directly contradicted by the large number of researchers who, 
in the ensuing decades, treated the problem with special reference to the 
association of the roots with soil fungi. In 1873, Drude spoke of adventitious 
roots from Monotropa that penetrated into the roots of both beech and spruce. 
It was not until 1881-—82 that Kamiensky established definitely that Mono- 
tropa lives quite independently of the tree roots. He also elucidated and made 
drawings of the structure of the roots, and called attention to their striking 
similarity with tree roots, which probably accounted for the anatomical mis- 
takes which had earlier been made by Drude, among others. He demonstrated, 
too, that both tree roots and the roots! of Monotropa are normally enveloped 


! According to Velenovsky (1907) the underground organs of Monotropa are neither 
stem parts nor true roots, and he therefore terms them “procaulomes”. For the sake of 
simplicity, however, they will here be called roots. 
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by fungal hyphae which penetrate between the root cells, and spoke of a 
typical symbiosis. McDougal (1899) established the occurrence of haustoria 
that penetrated into the outer root cells, and considered that the fungus, via 
these threads, mediated nutrients from the humus to the host plant. In his 
opinion Monotropa was to be regarded as a typical saprophyte, which view 
has been generally recognized by subsequent workers, including Francke 
(1934), who has made the most important contribution thus far to our know- 
ledge of its biology. 

According to Peklo (1908) an exchange of nutrients occurs via the fungal 
mantle, the hyphae of which absorb from the soil nutrients which are then 
transported to the epidermal cells of the roots. On the other hand the inter- 
cellular hyphae of the fungus — still according to Peklo — absorb from the 
root cells, by osmotic means, dissolved carbohydrates and other substances 
necessary for the fungus. Neger (1913) held that Monotropa is able, via its 
root fungus, to assimilate organic substance from the humus, while the 
fungus receives water and carbohydrates from the root. In Rexhausen’s 
(1920) view nutrient salts are, as in the ectotrophic mycorrhiza of conifers, 
directly absorbed by the fungus and diffuse to the root cells. Christoph (1921) 
too, considered that the fungal hyphae absorb nutrients from the soil. 

Due to the presence of intercellular hyphae, the mycorrhiza of Monotropa 
must be described as ectotrophic; but in view of the concomitant haustoria 
from the hyphal mantle that penetrate into the outer root cells, an endo- 
trophic mycorrhiza must also be considered to have been formed. Hence it 
would probably be most correct to describe ihe Monotropa mycorrhiza as 
ectendotrophic (cf. Melin 1925). 

Since the achlorophyllous host plant cannot readily supply its root fungus 
with carbohydrates, as is normally the ease in a typical mycorrhiza of green 
plants, the question of what the fungus stands to gain from the symbiosis 
has been a matter of pure conjecture. In the opinion of Kamiensky (1881—82) 
the fungus merely utilizes the Monotropa root as a substrate (a “base com- 
mode”) and receives nothing from it; and even Francke (1934), who studied 
the contents of root and fungus tissues in detail, observed that the fungus 
was unlikely to obtain from the host plant appreciable amounts of nutrient 
material; though Monotropa is not, in his view, a parasite on its mycorrhizal 
fungus, but rather a typical symbiosis exists, since the development of the 
fungus is nevertheless stimulated by the host plant. 

Francke (1934) made a special study of the haustorium-like hyphae which 
penetrate from the mantle into the root cells (one in each cell) and there dis- 
charge their contents. Via these hyphae the root cells are accordingly sup- 
plied with nutrients, which were found to consist mainly of proteins and 
glycogen that are immediately dealt with by the intracellular enzymes, After 
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discharging its contents into the cell the haustorial hypha is completely cut 
off, and no further penetration of hyphae takes place. Such an organization 
has been termed ptyophagy and occurs in certain forms of endotrophic 
mycorrhizae. Probably these haustorial hyphae originally have a more or less 
parasitic function but, due to the host’s reaction, reverse their role and supply 
their nutrient contents to the root cells, as in many orchids. 

That the absorption of water and nutrients in Monotropa proceeds via 
the fungal hyphae is unquestionable, for the roots are invariably enshrouded 
completely by a fairly thick hyphal mantle (Figure 1); but none of the 
hypotheses as to the nature of the symbiosis have been able to account satis- 
factorily for the kernel of this enigmatic behavior of Monotropa: How can 
a plant possessing no nutritional store of its own and no possibility of produc- 
ing one, grow so rapidly during late summer (northern Europe) that, from 
insignificant underground germs, it reaches its full development in a week 
or so? Much greater attention should be given to the energy problem inherent 
in the biology of Monotropa. The substantial amount of energy that has to be 
mobilized swiftly for development of the plant can scarcely be acquired from 
the meager and rapidly decreasing supply of soluble carbohydrates available 
in the soil. 

Since the investigations of Francke (1934) may safely be said to have con- 
firmed that the entire intake of nutrients proceeds via the mycorrhizal 
fungus, the identity of that fungus will be of very great interest, for fungi 
differ considerably, especially with regard to their carbohydrate source. 
While some fungi are able to assimilate nutrients from complex carbo- 
hydrates as for example cellulose, others can utilize only soluble carbo- 
hydrates, notably glucose. If we are here concerned with a fungus of the latter 
type, it seems quite inconceivable that the host could obtain from the soil a 
carbohydrate supply as great as that which it demonstrably requires; this 
not only because the fungus itself needs abundant energy for its own growth, 
but also because the supply of soluble carbohydrates in the soil is greatly 
restricted through competition with various types of micro-organisms, as 
for instance fast-growing mould fungi. 

Francke in his paper of 1934 demonstrated that the mycorrhizal fungus of 
Monotropa Hypopitys — his investigations suggested that only a single fungus 
was implicated — is dependent on soluble carbohydrates and is unable to 
break down starch or cellulose. The fungus that he cultivated and which 
demonstrably formed mycorrhiza on Monotropa, was probably, in his opin- 
ion, a Boletus species. From the investigations of Melin and others we know 
that fungi of this genus are usually able to utilize only soluble carbohydrates, 
chiefly glucose. True, it has been shown that this genus does include transi- 
tional types with respect to carbohydrates — for Boletus subtomentosus cer- 
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Figure 1. Figure 2. 


Figure 1. Longitudinal section through a root of Monotropa Hypopitys L. with the hyphal 
mantle to the extreme right. The fungus has penetrated only into the outermost 
root cells. 450 X. 

Figure 2. Roots of Monotropa Hypopitys L. with ectendotrophic mycorrhiza and roots of 
Picea Abies L. with typical ectotrophic mycorrhiza. The Monotropa-roots are 
invariably enveloped by masses of fungal mycelia in which there are always tree 
roots bearing mycorrhizae. 1 X. 


tainly is able in some degree even to utilize cellulose (cf. Lindeberg 1948) — 
but in the main the Boletus genus assuredly constitute very typical “sugar 
fungi”. 

A most interesting consideration is that species of this genus are extremely 
common mycorrhizal fungi of forest trees. The characteristic “nodule” mycor- 
rhiza (“type C” of Melin 1927) of Pinus is composed of Boletus species 
(Boletus luteus, B. bovinus, B. variegatus, etc.; cf. Melin 1925, 1936, Hatch 
1937, Modess 1941). 

According to the theory propounded by Björkman (1942, 1944, 1949) re- 
specting the conditions for the formation of mycorrhizae on forest trees (not- 
ably pine and spruce), mycorrhizae are formed when the host has ample light 
as well as under ecological conditions associated with some deficiency of, above 
all, nitrogen or phosphorus in the soil; the result being that the tree or plant is 
unable by itself to utilize all of the formed sugar, but rather, a surplus of 
soluble carbohydrates collects in the roots and can be utilized by the mycor- 
rhizal fungi, These fungi thus obtain, according to the theory, soluble carbo- 
hydrates from the host plant, which under certain conditions produces an 
excess of them in the assimilation of carbon dioxide. According to this view, 
which in principle was already held by Frank (1885) and was verified by 
Melin and Nilsson (1957) using the isotope technique, the fact that mycor- 
rhizal fungi can satisfy their energy requirements in the tree roots is the 
direct requisite for the formation of mycorrhizae. The fungal mycelia are 
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attracted to the surface of the roots by various root exudates, for example 
carbohydrates, amino acids and vitamins, which have approximately the 
same action whether they have been discharged from, say, pine roots or 
tomato roots (Melin 1954). To all appearances the vitamin requirements of 
the trees’ mycorrhizal fungi can scarcely be primary and specific just for 
those fungi, since a similar effect on the growth may also be observed in non- 
mycorrhiza-forming soil fungi that are able to attack cellulose and lignin — 
the litter decomposing fungi. The characteristic which has proved to be com- 
mon to those soil fungi that form typical ectotrophic mycorrhizae on trees 
is, however, precisely their dependence upon soluble carbohydrates, although 
no sharp distinction can be made between mycorrhizal and litter decompos- 
ing fungi (cf. Norkrans 1950). 

The mycorrhiza of Monotropa, which in its typical ectotrophic part exhi- 
bits very great anatomical similarities to the ectotrophic mycorrhiza of trees, 
is, in the light of these considerations, difficult to explain physiologically in 
the same way. For the achlorophyllous Monotropa cannot offer the mycor- 
rhizal fungi any carbohydrates; on the contrary, the situation here must be 
such that the host plant itself receives large amounts of energy materials via 
the mycorrhizal fungus. 

Does this, then, constitute two incompatible antitheses? Some workers have 
asserted that such is indeed the case, and that the mycorrhiza formation of 
Monotropa and that of trees cannot have a single explanation. Björkman 
(1949, 1956), however, has doubted the validity of this contention on the 
grounds that the vitamin production of Monotropa may be the principal 
explanation of the mycorrhiza formation, provided that the plant’s energy 
problem is resolved in some other way. Reference has been made here to the 
known behavior of other achlorophyllous plants, as for example certain 
orchids that are able to produce substances essential for, and having a marked 
stimulating effect on, the growth of other organisms which cannot themselves 
synthesize them but which nevertheless have access to sources of energy. In 
some achlorophyllous orchids, therefore, even cellulose- or lignin-decompos- 
ing fungi of the genera Marasmius, Fomes, and Armillaria can form mycor- 
rhizae (Kusano 1911, Hamada 1940), whereby the supply of energy to the 
host plant may be assumed to proceed via these fungi, which, in the decom- 
position of wood, liberate simple carbohydrates. It may just as safely be 
assumed that the same fungi seek contact with orchid roots (and also with 
the roots of other plants) because they are stimulated by certain substances 
given off by those roots (cf. Melin 1954, Melin and Das 1954). In green orchids 
too, the carbohydrates are supplied via the mycorrhizal fungus before chloro- 
phyll has had time to form — which process, as for instance in Goodyera 
repens, may take several years (Montfort and Küsters 1940) — but when the 
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host plant has acquired chlorophyll and hence the ability to assimilate carbon 
dioxide, the carbohydrate flow changes direction so that the fungus instead 
obtains nutrition from the host plant (Burgeff 1936). 

The essential factor for an understanding of the mycorrhiza formation of 
Monotropa seems to be, in any circumstances, the energy problem. As early 
a worker as Kamiensky (1881—82), and subsequently Romell (1939) as 
well as Björkman (1949, 1956, 1959) have considered it not unlikely that 
the fungus which constitutes the mycorrhiza of Monotropa may be identical 
with that of the tree (pine, spruce, beech, and others) with which it is asso- 
ciated in some way as yet unexplained (Figure 2). If so, then the obscure 
energy problem of Monotropa would be resolved. 

In order to test this hypothesis certain preliminary experimental ecological 
and physiological investigations were conducted between 1953 and 1958, the 
results of which are reported here. 

Experiments are also going on with the American species Monotropa uni- 
flora and mycelia isolated from the roots of this plant. 


A. Isolation of Monotropa from Tree Roots at Natural Habitats 


As long ago as 1823 an experiment was conducted at Glasgow Botanical 
Gardens with the view to investigate the dependence of other plants upon 
Monotropa, for which purpose M. uniflora specimens were transferred to the 
gardens, where they grew “in a box of earth which was sent containing other 
rarities from the neighborhood of Montreal” (Hooker 1825). The identity 
of the other plants was not mentioned, nor did Hooker state how long the 
specimens lived. Graves (Curtis and Hooker 1826) transferred large groups 
of Monotropa plants from a forest habitat to another site, and observed that 
plants regrew for six or seven years. This result was ambiguous, however, 
since fresh communications with trees may have developed rapidly at the 
new site. 

With the aim of studying the question on a more satisfactory basis, a num- 
ber of root isolation experiments with groups of Monotropa were conducted 
in a spruce forest at Bjurfors, central Sweden, and in pine forests at Söder- 
törn and Österäker, near Stockholm. For this purpose circles of sheet metal 
80 cm. in depth and 35 cm. in radius were carefully forced 70 cm. into the 
soil, so as to enclose groups of vigorous Monotropa specimens. Every pre- 
caution was taken to ensure that the Monotropa roots were not disturbed and 
that all tree roots were totally isolated from them. 

On investigation the following year, some regrowth of weakly plants was 
observed in a few of the roet-isolated areas, whereas untreated groups had 

Physiol. Plant., 13, 1960 


314 ERIK BJÖRKMAN 


Figure 3. Figure 4. 


Figure 3. Typical group of Monotropa plants that regularly return at the same site each 
year after developing rapidly in about one week. 

Figure 4. Growing specimens of Monotropa in a group whose original appearance was 
as in Figure 3 but which, the previous year, had been isolated from all tree roots 
by sheet metal sunk to a depth of 70 cm. around the group. 


shot up normal vigorous specimens from the same “stems” as the preceding 
year (Figure 3). A few such weakly plants are illustrated in Figure 4. The 
results accordingly suggest that some growth of new individuals may occur 
in the absence of communications with tree roots, but that development of 
normal Monotropa plants requires some form of contact with trees. 


B. Injection of Radioactive Isotopes into Tree Stems Adjacent to 
Monotropa Plants 


To test the hypothesis that Monotropa receives its energy from the trees 
via a mycorrhizal fungus common to both, experiments were conducted with 
radioactive carbon in the form of C4, which was injected into the phloem of 
spruce and pine trees which had groups of Monotropa at varying distances 


from the stems. The experiments were carried out in August 1957 and 
August—September 1958. 


1. Experiments of 1957 


These experiments were confined to spruce trees with undergrowing Monotropa. 
The trees selected for the purpose were in a closed spruce stand with a moss cover 
principally composed of Hylocomium splendens and Pleurozium Schreberi. It was 
located at Bammarboda, in the parish of Österäker, north of Stockholm. Three 
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groups of Monotropa were chosen for the experiment. Group 1 was composed of 
fifteen younger, still growing specimens at a distance of 1.1 m. from an approx- 
imately 45-year-old spruce and 3.8 m. from the next nearest tree. Group 2 com- 
prised eleven almost fully developed specimens at a distance of 0.9 im. from an 
approximately 60-year-old spruce and 3.5 m. from the next nearest tree. Group 3, 
lastly, consisted of thirteen old, almost fully developed specimens situated at a dis- 
tance of 1.6 m. from a 50-year-old spruce and 3.2 m. from the next nearest tree. 
A control group of Monotropa was selected at a distance of 35 m. from the nearest 
experimental group. 

The C!? was supplied in the form of labelled glucose (D-glucose-C!) by the Radio- 
chemical Centre, Amersham, England. It was dissolved in water to give a concentra- 
tion of 0.1 mC per 10 ml. This solution was portioned between three trees. 

In the bark of each tree a shallow hole was bored as far as the phloem, after 
which an angulated glass tube was inserted and the joint well sealed with vaseline. 
Into the tube was then dropped with a pipet about 3.5 ml. of the water solution, 
which had been absorbed after an hour or so. The tube was left in its position. All 
Monotropa specimens selected for the experiment as well as the control group were 
collected after five days. The material was broken into small pieces and divided into 
parallel samples, each with a dry weight averaging 3—4 g. 

For conversion of C!* in organic form to CO, and BaCOs, the following method 
was used, ad modum van Slyke and Folch (1940), Claycomb, Hutchens and van 
Bruggen (1950), Evan and Huston (1952) and Comar (1955). The material was first 
dried at 40°C for 12 hours to remove all water. The samples were thereafter placed 
in a flask and a mixture of HsSO, H3PO, and CrO3 added in vacuo, whereby all 
carbon was oxidized to CO;. The formed gas was conducted into another flask con- 
taining 0.5 M NaOH, whereafter formed carbonate was precipitated with BaCL and 
0.4 N NH,CI as BaCO,. This precipitate was then tested for radioactivity in a Geiger- 
Müller counter (LKB). 


Results. — The results of the radioactivity determinations are condensed 
in Table 1. 

In Table 2 are condensed the results of an analysis of variance (Bonnier 
and Tedin 1957) for the total material with respect to the difference in radio- 
activity between samples from Monotropa plants adjacent to treated trees and 
samples from plants situated some distance therefrom. 


Table 1. Radioactivity per gram dry weight in samples of Monotropa Hypopitys collected 

at varying distances from mature spruces injected with C14. The determinations are the 

means of six duplicate tests of each kind. The samples were collected five days after 
injection of C14. Experiment conducted 5th—-10th August 1957. 


M t Distance from treated |Counts per minute Actual CPM 
Seer eer cur tree in m. (CPM) (CPM - background) 
1. Younger plants...... al 33.4 3.7 
2. Mature plants ...... 0.9 32.7 3.0 
3. 65 aye Baosede 1.6 35.6 5.9 
4.-Control ............... 35.0 31.3 1.6 
Background ............ 29.7 
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Table 2. Analysis of variance between the radioactivity in Monotropa plants adjacent to 
spruce trees injected with C4 and in plants at some distance from treated trees. Cf. Table 1. 


Variation source | Degree of freedom | Sum of squares | Mean square 
Between treatments ......... J 5.685 5.685 
Within SD Te 22 5.571 253 
Total een ree er 23 | 11.256 

Variance ratio 22.47 0.001 Pas 


With a view to checking these results, a further experiment of the same 
type was conducted at the end of August 1957 in the experimental area of 
the School of Forestry at Stensiingen, Bogesund. The experimental site here 
was an approximately 50-year-old spruce stand with ground vegetation con- 
sisting of Hylocomium splendens and Pleurozium Schreberi as well as occa- 
sional Vaccinium myrtillus in the field layer. The experimental trees were 
treated as before with a similar radioactive solution injected into the phloem. 
Monotropa group 5, which comprised fourteen fully developed specimens, 
was situated at a distance of 1.1 m. from a treated tree; group 6, composed 
of eleven specimens, at a distance of 0.9 m. from another treated tree. This 
time, samples of Monotropa were collected four days after the injection. The 
results are presented in Table 3. 

As will be seen in Table 3, the actual CPM amounted to 10.1 and 5.5 respec- 
tively per gram dry weight for the Monotropa plants from beneath the treated 
trees, but zero for the controls. An analysis of variation between the radio- 
activity readings for all Monotropa samples from groups beneath C!*-treated 
trees, and the readings for samples from the control plants, showed the fol- 
lowing values (Table 4). 

The experiments accordingly demonstrated that carbohydrate deriving 
from the trees had been absorbed. by the Monotropa plants beneath them. 
If that had not taken place via a common mycorrhiza fungus, the Monotropa 


Table 3. Radioactivity per gram dry weight in samples of Monotropa Hypopitys collected 

at varying distances from mature spruces injected with C!4. The determinations are the 

means of six duplicate tests of each kind. The samples were collected four days after 
injection of CM, Experiments conducted 23th—27th August 1957. 


Distance from treated 


Counts per minute Actual CPM 
Monotropa, group | tree in m. (CPM) (CPM - background) 
5. Younger plants...... 1.1 | 44.1 | 10.1 
6. Mature plants ...... 0.9 39.5 5.5 
TS CONtLO ects 28.0 33.8 0 
Background ............ | 34.0 
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Table 4. Analysis of variance between the radioactivity in Monotropa plants adjacent to 
spruce trees injected with C14 and in plants at some distance from treated trees. Cf. Table 3. 


Variation source | Degree of freedom | Sum of squares | Mean square 
Between treatments ......... 1 31.930 31.930 
Within Side | Hee 10 8.549 855 
LEI ee 11 40.479 

Variance ratio 37.35 0.001 > P*** 


plants apparently had not been able to absorb these small actual amounts of 
soluble carbohydrates in competition with all sugar-demanding fast-growing 
soil organisms. 


2. Experiments of 1958 


a. CM experiments. — Corresponding experiments with injection of C!4 were con- 
ducted in 1958, though on pine instead of spruce trees. Some were carried out at 
Bogesund and others at Bammarboda in the parish of Osterâker. At Bogesund the 
experimental area consisted of a mixed stand of pine and spruce with Hylocomium 
splendens and Pleurozium Schreberi in the bottom layer and chiefly a sparse growth 
of Vaccinium myrtillus and Calluna vulgaris in the field layer. At the Bammarboda 
site there was no Vaccinium but patches of Cladonia rangiferina and C. silvatica. 

Three groups of Monotropa were selected at each site for the experiments, as 
shown in Table 5. ‘Group 8’ comprised seven plants at a distance of 1.2 m. from 
the treated pine, which was about 90 years old; ‘group 9’, six plants at a distance 
of 1.4 m. from the same tree. Control group ‘10’, consisting of thirteen specimens, 
was at a distance of 22 m. from the experimental tree. ‘Group 11’, numbering eigh- 
teen specimens, and ‘group 12’, composed of nine plants, were growing at a distance 
of only 0.5 m. from the treated tree, an approximately 50-year-old pine. Control 
group ‘13’ (fourteen plants) was 17.5 m. away from the experimental tree. Samples 
from groups 8 and 11 consisted of younger plants; those from groups 9 and 12, 
older plants. The latter showed signs of wilting — that is, darkening of stems and 
flowers. 

The injections were as in the preceding experiments, and the plants were collected 
after four days. The samples were also prepared as before. The time required for 
10,000 impulses was determined in the Geiger-Miiller counter; hence variations in 
the readings could be ignored and only one sample of each type needed to be tested. 
The results are condensed in Table 5. 


Following injection on August 18, there had been an appreciable uptake 
of C!4 by younger Monotropa plants situated 1.2 m. from a treated tree, but 
a much lesser uptake by older plants of the same group. Following injection 
16 days later, when the individual Monotropa had reached its full devel- 
opment and the older plants had already begun to wilt, only very slight traces 
of C14 or none at all were detectable in the latter plants; in the younger ones, 
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Table 5. Radioactivity per gram dry weight in samples of Monotropa Hypopitys collected 

at varying distances from mature pines injected with C“. The samples were collected four 

days after the injections, which had been made on August 18 (samples 8 and 9) and 
September 3 (samples 11 and 12) 1958. 


ee 


Distance from treated | Counts per minute Actual CPM 
ESS eld tae tree in m. (CPM) (CPM - background) 
8. Younger plants ... 12 40.0 9.2 
9. Mature plants...... 1.4 36.0 5.2 
102 Control rennen 22.0 31.2 0.4 
11. Younger plants ... 0.5 34.6 3.8 
12. Mature plants...... 0.5 32.5. 157 
12135 Gontrol ee 17.5 31.5 0.7 
Background ............ 30.8 


on the other hand, the C'* uptake was distinct though, in view of the short 
distance from the injected tree, fairly slight. 

The experiments thus corroborated the previous year’s results, besides 
throwing some light on the significance of the distance from the tree and on 
the development stage of the plants as well as their nutritional requirements. 

b. Experiments with P??. — Since it has now been demonstrated (Colwell 
1942, Biddulph and Markle 1944, and others) that not only organic material 
is transported in the phloem, but also salts that have entered the stem, an- 
other run of experiments was conducted with injection of radioactive phos- 
phate (P3?), which was introduced into a pine stem exactly as had been done 
with CH, 

The amount of P?? was calculated to be 2.0 mC in a solution of 20 ml. 
ortophosphate in dilute hydrochloric acid two days before the solution was 
used. In the solution used for injection the concentration of P?? was 0.05 mC. 

In the experiment, which was conducted at Bogesund, P3?-solution was in- 
jected into a pine tree beneath which a vigorous Monotropa group was grow- 
ing at a distance of 2 m. from thestem. Samples of Monotropa were collected 
3 days after the treatment. Following incineration of the samples and pre- 
paration of the ashes (c/. Tamm 1955, Oksbjerg 1958) the radioactivity was 


Table 6. Actual CPM per gram dry weight in samples of various plants collected at a dis- 
tance of 2 m. from an approximately 70-year-old pine, into the phloem of which P32 had 
been injected. Experiments conducted 17th—20th August 1958. 


Plant Actual CPM 


Monotropa Hypopitys ...... 5 
Vaccinium Vitis-idaea ...... 0 
Vaccinium Myrtillus......... 0. 
Calluna vulgaris 0 
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determined in a Geiger-Müller counter. Samples of leaves of Vaccinium myr- 
tillus, V. vitis-idaea and Calluna vulgaris, growing at the same distance from 
the tree, were collected and treated in the same way. In a parallel series, sim- 
ilar samples were collected from corresponding plants 60 m. away from the 
injected tree. The results of the experiment are summarized in Table 6. 

Under these experimental conditions Monotropa was thus able even to 
absorb phosphate from the tree via its fungal hyphae, whereas the other 
experimental plants having no direct communication with the tree roots had 
done so only to a very slight extent or not at all. 


C. Laboratory Experiments with a Mycorrhizal Fungus of 
Monotropa and with Some Other Fungi 


A mycorrhizal fungus occurring in Monotropa roots was cultured by the 
technique employed by Melin (1936), the same fungus obtained from six dif- 
ferent samples. The fungus produced a sterile white mycelium which, as 
mentioned above, Francke (1934) ascribed to a Boletus species. In synthesis 
experiments using Melin’s method, this mycelium was found to be capable 
of forming typical ectotrophic mycorrhizae in pine plants, and probably in 
spruce plants too, though in these the Hartig network was not clearly distin- 
guishable. Cf. Figure 6 demonstrating incipient mycorrhiza formation on pine 
plants with the same fungus using Lundebergs (1960) inoculation method. 

With this mycelium — nothing, however, contradict the occurrence of dif- 
ferent mycorrhiza fungi on different forms or species of Monotropa or at 
different sites — a run of preliminary laboratory experiments was conducted 
with the principal aim of studying its vitamin requirements in comparison 
with those of some other fungi. The fungi thus investigated were Boletus sub- 
tomentosus Fr., B. granulatus L. and B. variegatus Schwartz, which have 
been shown, or assumed, to be mycorrhiza producers in conifers (Melin 1936), 
as well as the typical litter decomposing fungus Psalliota arvensis Fr., and the 
well-known decay fungus Fomes annosus Fr. 


The flasks used in the experiments had volumes of 100 ml. and contained 25 ml. 
of the following nutrient solution ad modum Melin and Lindeberg (1939): 


(GIN COS@ aes les re oe en .cce Sr tele de 10 g. MES OF als OR, oe 0.5 g. 
mM eatariratess ae sss Mr. 1e: FeCl, (1 °/o solution) .... 10 drops 
LNG HIG) 2X O4 Er. Me LE Soe 0.5 g. Distilled water ......... 1,000 ml. 


pH after autoclaving 5.5 


In each flask were placed small pieces of agar of uniform size which had been 
cut out of thin agar cultures of the respective fungi. The flasks — eight of each 
combination — were stored at +25°C. 
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In order to test the influence of Monotropa, extracts were prepared from flowers, 
from entire plants minus the roots, and lastly from the roots alone, which were first 
carefully washed in distilled water. In preparing the extracts a Turmix apparatus 
was used first; then followed leaching in distilled water for three days at +2°C. The 
extract was thereafter run through a Seitz filter, and added to the nutrient solution 
after autoclaving. In the preliminary experiments reported here only two concentra- 
tions of the extracts were used — 0.4 per cent and 4.0 per cent — of which at least 
the first cannot have had any coincident nutritional effect. 

The relevant mycelia were tested both in these substrates and in the same nutrient 
solution with the addition of 1 ug. of vitamin B, per flask; for it had earlier been 
shown that not least Boletus species are markedly stimulated by vitamin B; (Melin 
and Lindeberg 1939, Melin and Nyman 1940, 1941, and others), even though various 
strains of Boletus granulatus, for example, to all appearances may differ in their 
ability to synthesize that substance (Melin and Nyman 1941). The results of the 
experiments are condensed in Table 7. 


It is evident from Table 7 that the isolated mycorrhiza fungus of Mono- 
tropa was greatly stimulated by extracts of Monotropa but not to any major 
degree by addition of vitamin Bı. On the other hand, all Boletus species that 
were studied exhibited very Pronounced responses to vitamin B;, but also to 
Monotropa extracts. The disparities in mycelial growth suggest that the Mono- 
tropa mycelium is not assignable to any of the Boletus species tested; yet at 
the same time its similar reaction to the Monotropa extract points to a certain 
relationship with those species. Each of the other two fungi, Psalliota arvensis 
and Fomes annosus, was markedly stimulated by vitamin B:;, though not so 
much as the mycorrhiza-forming Boletus species were by the Monotropa 
extract. 

Of great interest, of course, is the chemical character of the stimulatory 
factor present in Monotropa. In analyses of Monotropa extracts performed by 
Dr. Niels Nielsen, Kabi, Stockholm, the vitamin B; content was determined 
both as free thiamine and following acid hydrolysis. In extracts from flowers 
the total content was found to be 40 mug. per 1 ml., and the free amount to 
20 mug. per 1 ml.; in stems the corresponding figures were 25 and 15 mug. 
per 1 ml. respectively. These amounts must be considered minute and could 
scarcely exert any stimulating effect on micro-organisms. It is possible, on 
the other hand, that the substance occurring in Monotropa may be identical 
with or related to Melin’s “M factor” (Melin 1954, Melin and Das 1954), 
which shows little signs of being species specific. 

In the opinion of Melin the M factor may be one important cause not only 
of the vigorous development of the hyphae of the mycorrhizal fungi. around 
conifer roots, but also of their penetration into the roots — although this has 
not been demonstrated conclusively. In full accord with such a hypothesis is 
that the factor — here called “tuburcin” after the old name Tuburcinia — 
that attracts the fungus which forms mycorrhizae in Monotropa, also is 
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Figure 5. Mycelia of different fungi cultured in flasks containing, from left to right, pure 
nutrient solution; the same plus extract of Monotropa flowers; the same plus extract of 
Monotropa roots; and the same plus vitamin B, (cf. Table 7). a. A mycorrhizal fungus 
of Monotropa. b. Boletus subtomentosus. c. Boletus granulatus. d. Boletus variegatus. 


responsible for its penetration into the roots. This penetration is not, how- 
ever, fully comparable with that of the hyphae in the typical ectotrophic 
mycorrhiza of, for example, pine and spruce, since the fungus of Monotropa 
penetrates only to the outermost cell layer (Figure 1). In a complete and 
typical ectotrophic mycorrhiza the fungal hyphae often penetrate all the way 
to the endodermis and envelop all cells of the primary cortex, where exchange 
of nutrients occurs by diffusion. But if such a complete ectotrophic mycor- 
rhiza is to be formed, an excess of soluble carbohydrates will have to be 
available in the cells of the host plant, as demonstrated by Björkman (1942). 
And since no such surplus can be found in Monotropa roots, the fact that the 
mycorrhizal fungus of Monotropa affects only the outermost cell layer, where 
the “tuburcin” is presumably given off from the roots to the rhizosphere, 
is fully consistent with the hypothesis. Mycelia, incidentally, occur in abund- 
ance round Monotropa roots, whether the plants are growing in humus-rich 
soil or in sand; and normal concomitants are fine tree roots surrounded by, 


to all appearances, identical hyphae, in great part transformed into typical 
mycorrhizae. 
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Figure 6. Incipient mycorrhiza formation on pine 
plants by a fungus isolated from mycorrhizal roots 
of Monotropa Hypopitys. 40 days. 


In the light of these facts it is probable that in nature the mycorrhizal 
fungus of Monotropa is identical with that of the tree or trees with which the 
plant is associated. Since Monotropa though achlorophyllous, nevertheless 
reaches its full development in a remarkably short space of time when the 
main growth of tree shoots and leaves is ended, manifestly it must have access 
to large amounts of energy in the form of soluble carbohydrates during that 
time. This will be possible if the accumulated energy material which is 
normally available in tree roots during late summer can be mobilized, as it 
is in the development of the trees themselves. New growth of roots as well 
as the most vigorous mycorrhiza formation, both of which require large 
amounts of energy food, normally occur in late summer in northern Europe. 
Mediation of soluble carbohydrates to Monotropa via the common mycor- 
rhizal fungus also provides a natural explanation of the apparently obscure, 
swift development of that plant during late summer. Monotropa is accordingly 
to be regarded chiefly as an epiparasite on the roots of certain trees with 
ectotrophic mycorrhizae. 


This interpretention is in full conformity with the fact that Monotropa will 
develop vigorously without abundance of humus, which it would need if it 
were a typical saprophyte, obtaining its principal nutriment directly from 
organic substances in the soil. Monotropa has indeed been found in pure 
sandy soils south of Stockholm, and oh a previous driftsand site with young 
pines (Almquist 1929, cf. Romell 1939), and even in pure sanddunes together 
with Salix and other shrubs (Darbishire 1924). 

This interpretation of Monotropa as an epiparasite attaching chiefly to 


forest trees through its mycorrhizal fungus also explains the apparently 
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strange circumstances under which it thrives. The chief interest, however, 
lies in the principle of the mycorrhiza of Monotropa which, despite its special 
character, and out of the complicated puzzle presented by a symbiosis be- 
tween such different organisms as fungi and trees or fungi and Monotropa, 
fits well into the general ecological picture. 


Summary 


1. The ectendotrophic mycorrhiza of Monotropa has long been enigmatic 
in regard to its sources of energy. The fungus cannot obtain sugar from the 
host plant, rather, the host has to obtain such material via its mycorrhizal 
fungus. 

2. Monotropa roots are normally enveloped by masses of fungal mycelia, 
in which there are tree roots bearing mycorrhizae. 


3. Some experiments were conducted to test a hypothesis that Monotropa 
and the trees with which it is associated have a common mycorrhizal fungus. 
In this way Monotropa might receive nutrients from the trees via that fungus, 
which in turn might be stimulated in its development by some substance 
present in Monotropa and given off by its roots. 


4. By totally isolating groups of Monotropa from all tree roots, it was 
shown that the normal development of the plant actually is in some way 
dependent on the trees. 


5. Using radioactive glucose (D-glucose-C!*), which was injected into the 
phloem of mature pine and spruce trees beneath which grew groups of Mono- 
tropa, it was found that carbohydrate passed from trees to plants. 

6. On similar injection of radioactive phosphorus (P%*), such phosphate 
was found to have been absorbed by Monotropa plants but not so much by 
Vaccinium myrtillus, V. vitis-idaea, or Calluna growing in their immediate 
vicinity. 

7. A mycorrhizal fungus of Monotropa, cultivated from the roots, was able 
to produce mycorrhiza in pure culture with pine plants and, probably, with 
spruce plants too. 

8. Extracts of Monotropa added to cultures of the mycorrhizal fungus 
of Monotropa, three different Boletus species, a litter decomposing fungus, 
and a wood decay fungus, had a powerful stimulating effect especially on 
the Monotropa fungus and the Boletus species. The growth-stimulating sub- 
stance was not vitamin B,, as otherwise might have been expected in view of 
its known stimulatory action on the growth of Boletus species. The growth 
factor present in Monotropa, called “tuburcin”, is not unlikely to be identical 
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with the “M factor” of Melin. In Monotropa the mycorrhiza is confined to 
the outermost cell layer of the roots, whereas in the typical ectotrophic mycor- 
rhiza of conifers the fungus usually penetrates deeper. 

9. The investigations suggest that Monotropa has its mycorrhizal fungus 
in common with the tree with which it is associated: that this fungus is 
stimulated by a substance occurring in Monotropa, whereby mycorrhiza 
formation occurs; and that nutrient material passes from the trees to Mono- 
tropa via their common mycorrhizal fungus. The rapid development of 
Monotropa in late summer occurs at a time when the production of mycor- 
rhizae reaches its optimum. 


10. Monotropa Hypopitys is therefore to be regarded chiefly as an epi- 
parasite on the roots of certain trees with ectotrophic mycorrhizae. 


This investigation has been supported by a grant from Fonden f. skoglig forskning, 
Stockholm. The author is indebted to Dr. G. Lundeberg, Dr. N. Nielsen and Miss 
L. Beyer for valuable assistance. 


References 


Almquist, E.: Upplands vegetation och flora. — Acta Phytog. Suecica 1. 1929. 

Biddulf, O. & Markle, Jane: Translocation of radioactive phosphorus in the phloem of the 
cotton plant. — Amer. Journ. Bot. 31: 65. 1944. 

Bjorkman, E.: Uber die Bedingungen der Mykorrhizabildung bei Kiefer und Fichte. (Eng- 
lish summary.) — Symb. Bot. Upsaliens. 6. 1942. 

— The effect of strangulation on the formation of mycorrhiza in pine. — Sv. Bot. Tidskr. 
38: 1. 1944. 

— The ecological significance of the ectotrophic mycorrhizal association in forest trees. — 
Sv. Bot. Tidskr. 43: 223. 1949. 

— Über die Natur der Mykorrhizabildung unter besonderer Berücksichtigung der Wald- 
bäume und die Anwendung in der forstlichen Praxis. — Forstwiss. Zentr.bk 75: 265. 
1956. 

— On the metabolism of Monotropa hypopitys L. An epiparasite on forest tree roots. — 
Proc. IX Intern. Bot. Congr. Montreal 1959. 2: 35. 1959. 

Bonnier, G. & Tedin, O.: Biologisk variationsanalys. — Stockholm. 1957. 

Burgeff, H.: Samenkeimung der Orchideen. — Jena. 1936. 

Christoph, H.: Untersuchungen über die mykotrophen Verhältnisse der Ericales und die 
Keimung von Pirolaceen. — Beih.z. Bot. Centralbl. I. 38: 115. 1921. 

Claycomb, C. K., Hutchens, Tyra & van Bruggen, J. T.: Techniques in the use of Ci 


as a tracer: — Nucleonics 7: 38. 1950. 

Colwell, R. N.; The use of radioactive phosphorus in translocation studies. — Amer. Journ. 
Bot. 29: 798. 1942. 

Comar, C. L.: Radioisotopes in biology and agriculture. Principles and Practice. — New 


York. 1955. 

Curtis, W. & Hooker, W. J.: Flora Londonensis 3. 1826. 

Darbishire, O. V.: Die Diinen der englischen Westkiiste gleich siidlich von Southport (Graf- 
schaft Lancashire). — Vegetationsbilder 16:1. Jena. 1924—26. 


Physiol. Plant., 13, 1960 


326 ERIK BJÖRKMAN 


Drude, O.: Die Biologie von Monotropa Hypopitys L. und Neottia Nidus-avis L. unter ver- 
gleichender Hinzuziehung anderer Orchideen. — Göttingen. 1873. 

Evans, E. A. & Huston, J. L.: Radiocarbon cumbustion and moumping technique. — Ann. 
Chem. 24: 1482. 1952. 

Francke, H.-L.: Beiträge zur Kenntnis der Mykorrhiza von Mcnotropa hypopitys L. Analyse 
und Synthese der Symbiose. — Flora 129: 1. 1934. 

Frank, A. B.: Über die auf Wurzelsymbiose beruhende Ernährung gewisser Bäume durch 
unterirdische Pilze. — Ber. d. Deutsch. Bot. Ges. 3: 128. 1885. 

Fries, E. M.: Systema mycologicum 3. 1832. 

Hamada, M.: Studien über die Mykorrhiza von Galeola septentrionalis Reichb. Ein neuer 
Fall der Mykorrhiza-Bildung durch intraradikale Rhizomorphen. — Jap. Journ. Bot. 
10: 387. 1940. 

Hatch, A. B.: The physical basis of mycotrophy in Pinus. — The Black Rock Forest Bull. 
621937. 

Hooker, W. J.: Monotropa uniflora. — Exotic Flora 2. 1825. 

Kamiensky, F.: Die Vegetationsorganen der Monotropa Hypopitys L. — Bot. Ztg. 39: 457. 
1881. 


— Les organes vegetatifs du Monotropa Hypopitys L. — Mem. Soc. Nat. Sci. naturelles 
et mathem. de Cherbourg 24:5. 1882. 
Kusano, S.: Gastrodia elata and its symbiotic association with Armillaria mellea. — Jap. 


Journ. Agric. 4:1. 1911. 

Lindeberg, G.: On the occurrence of polyphenol oxidases in soil-inhabiting Basidiomycetes. 
— Physiologia Plantarum 1: 196. 1948. 

Lundeberg, G.: The relationship between pine seedlings (Pinus silvestris L.) and soil 


fungi — some experiments with a new method for sterilized water cultures. — Sv. Bot. 
Tidskr. 54: 2. 1960. 


McDougal, D. T.: Symbiotic saprophytism. — Ann. Bot. 13:1. 1899. 


Melin, E.: Untersuchungen über die Bedeutung der Baummykorrhiza. — Jena. 1925. 

— Studier över barrträdsplantans utveckling i rähumus. (German summary.) — Medd. 
Stat. skogsförs.-anst. 23: 433. 1927. 

— Methoden der experimentellen Untersuchung mykotropher Pflanzen. — Handb. d. biol. 
Arbeitsmethoden 11, 4: 1015. 1936. 

— Growth factor requirements of mycorrhizal fungi of forest trees. — Sv. Bot. Tidskr. 
48: 86. 1954. 


— & Lindeberg, G.: Über den Einfluss von Aneurin und Biotin auf das Wachstum einiger 
Mykorrhizapilze. —- Bot. Notiser: 241. 1939. 

— & Nilsson, H.: Transport of C!* labelled photosynthate to the fungal associate of pine 
mycorrhiza. — Sv. Bot. Tidskr. 51: 166. 1957. 

— & Das, R. V. S.: The influence of root-metabolites on the growth of tree mycorrhizal 
fungi. — Physiologia Plantarum 7: 851. 1954. 

— & Nyman, Birgitta: Weitere Untersuchungen über die Wirkung von Aneurin und Biotin 
auf das Wachstum von Wurzelpilzen. — Arch. f. Mikrobiol. 11: 318. 1940. 

— Über das Wuchsstoffbedürfnis von Boletus granulatus (L.) Fr. — Arch. f. Mikrobiol. 
12: 254. 1941. 

Modess, O.: Zur Kenntnis der Mykorrhizabildner von Kiefer und Fichte. — Symb. Bot. 
Upsaliens. 5. 1941. 

Montfort, G. & Küsters, E.: Saprophytismus und Photosynthese. I. Biochemische und phy- 
siologische Studien an Humus-Orchideen. — Bot. Arch. 40: 571. 1941. 

Neger, F. W.: Biologie der Pflanzen. — Stuttgart. 1913. 


Physiol. Plant., 13, 1960 


MONOTROPA HYPOPITYS L. — AN EPIPARASITE ON TREE ROOTS 327, 


Norkrans, Birgitta: Studies in growth and cellulolytic enzymes of Tricholoma. — Symb. 
Bot. Upsaliens. 11. 1950. 

Oksbjerg, E. B.: Investigation of the distribution of roots and root competition for phos- 
phate in stands of Picea excelsa and Abies alba. — Oikos 9:57. 1958. 

Peklo, J.: Die epiphytischen Mykorrhizen nach neuen Untersuchungen. Monotropa Hypo- 
pitys L. — Akad. Sci. Bull. Prag I, 13:87. 1908. 

Rexhausen, L.: Uber die Bedeutung der ektotrophen Mykorrhiza für die höheren Pflanzen. 
— Beitr. z. Biol. d. Pflanzen 14:19. 1920. 

Romell, L.-G.: The ecological problem of mycotrophy. — Ecology 20: 163. 1939. 

Slyke van, D. D. & Folch, J.: Manometric carbon determination. -— Journ. Biol. Chem. 
136: 509. 1940. 

Tamm, C.-O.: An experiment with application of radioactive phosphate to young spruces 
and birches. — Medd. Stat. skogsforskn.-inst. 45, 6: 1. 1955. 

Unger, F.: Beiträge zur Kenntnis der parasitischen Pflanzen. — Ann. Wien. Mus. d. Natur- 
geschichte 2: 13. 1840. 

Velenovsky, J.: Uber die Keimpflanzen der Pirolaceen. — Akad. Sci. Bull. Prag II, 10:6. 
1905. 


Physiol. Plant., 13, 1960 


PHYSIOLOGIA PLANTARUM, VOL. 13. 1960 


The Nature of the Growth-Promoting Action of Coumarin 
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Coumarin, a substance which is widely distributed in plant tissues, has 
long been known to exert various physiological effects on both animals and 
plants (9). Among the effects observed on plant cells, several workers have 
noted that it inhibits IAA-induced extension growth in plant segments (5, 17). 
Thiman and Bonner (16), besides noting this inhibition, reported in addition 
that in certain concentrations it acts synergistically with IAA in promoting 
extension growth. In a recent paper (11) we have proposed that this substance 
should be regarded as an auxin. This proposal was based on our observa- 
tions that coumarin in itself greatly stimulates the elongation of sunflower 
hypocotyl segments, and that this stimulation is related to concentration by 
means of an optimum curve. Further, evidence from the literature (15) suggests 
that coumarin in very low concentration may stimulate root growth, whereas 
in higher concentration it inhibits it (1, 8); also, Audus (2) has reported the 
promotion of lateral root formation by coumarin. 

The naturally-occurring plant growth substances so far known are chiefly 
indole derivatives, though the existence of non-indole hormones has been 
suggested (4). Coumarin is neither an indole compound, nor does it fulfill 
the structural requirements generally considered necessary for growth pro- 
moting activity, since it lacks the free carboxyl group. Bentley (4) has pointed 
out the possibility that such a group may be formed by the opening of the 
lactone ring, which would give rise to hydroxy-cis-cinamic acid. The growth- 
promoting properties of this substance are therefore of considerable interest 
and it was decided to investigate them further, paying particular attention 
to the question as to whether the mode of its action is identical with that 
of IAA or not. 
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Materials and Methods 


The plant varieties used in this investigation were sunflowers (Helianthus annuus 
var. Jupiter, supplied by Gunns, South Africa), peas (Pisum sativum var. Alaska, 
supplied by Ferry Morse, California), beans (Phaseolus vulgaris var. Brittle Wax, 
grown locally), and oats (Avena sativa var. Victory, supplied by Swalöf Plant 
Breeding Station, Sweden). The seedlings, apart from the oats, were grown in 
sterilized vermiculite at 26°C in darkness, except for occasional red light. The oats 
- were grown on filter paper in a saturated atmosphere in the dark, except for several 
hours of red light on the second day. 

In the case of the sunflowers and beans, a one cm. segment was cut from the 
hypocotyl of 5—6-day-old seedlings, one cm. below the cotyledonary node. The plants 
at this stage were 7—8 cm. tall. In the case of the peas, a one-cm. segment was cut 
from the third internode of 8-day old plants 5 mm. below the leaf node. The seg- 
ments were floated on distilled water for about two hours to bring them to full 
turgidity, then divided into lots of 10, dried carefully on absorbent paper, rapidly 
weighed on a torsion balance and floated on 10 ml. test solution in petri dishes. 
Growth was assessed after various incubation periods at 26°C (in diffuse daylight 
in the case of the sunflowers and beans, and in darkness in the case of the peas) 
by measuring the increase in weight of the segments which runs parallel to their 
increase in length (12, 14). 

5-mm. sections were cut from the oat coleoptiles when the seedlings were 60 
hours old and their coleoptiles 2—2.5 cm. long. After floating for one hour on 
distilled water, they were transferred in groups of 10 to 10 ml. test solutions in 
petri dishes and incubated at 26°C. Increase in length was assessed under a dis- 
secting microscope, with a micrometer eyepiece. Apart from diffuse red light during 
manipulations, the vats remained in darkness throughout the experiment. 


In section 1 all the plant materials were used; in the following sections 
mainly sunflowers were used. 


1. The generality of the growth promoting action of coumarin 


The effect of coumarin on the extension growth was studied with various 
plant materials. As the results show (Figure 1), this effect is not confined 
to sunflower alone, for which it was previously reported (11) but may be 
observed in oat coleoptiles and been hypocotyls. It has also been obtained to 
a lesser extent with pea epicotyles — 250 mg/l. producing a stimulation 
of 20 per cent after three hours’ treatment. This stimulation was statistically 
significant at the 5 per cent level, but it tended to disappear with time. 

Besides the generality of the effect, three interesting points should be noted 
from Figure 1: 

(a) The difference in the absolute effective concentration range for the 
various plant materials, being 5—15 mg/l. for oats, 50—100 mg/l. for beans 


and 50—200 mg/l. for sunflowers; 
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Figure 1. The effect of coumarin on growth 
of various plant tissues. Length of coumarin 
treatment 24 hours. 

Abscisse — coumarin concentration (mg/l). 
100 200 300 400 500 600 700 800 900 1000 Ordinate — growth as °/o of water control. 
Assessed as increase in weight for bean and 
sunflower segments and as increase in length 
for oat coleoptiles. 

1=Sunflower hypocotyl segments. 

2=Bean hypocotyl segments. 

3=Oat coleoptile segments. 


200 


100 


5 10 15 20 
COUMARIN mg/l 


(b) The narrowness of the range of effective concentration in the case of 
the oats and beans; 

(c) The difference in magnitude of response between the various tissues. 
Maximal stimulation about 160 °/o for the oats and about 400 °/o for the 
beans and sunflowers — all expressed as per cent of growth in water controls. 


2. Distinction between mode of action of IAA and that of coumarin 


(a) Progress curves in IAA and coumarin solutions. — McRae et al (10) 
concluded that IAA, NAA, and 2,4-D all act at the same site in promoting 
the growth of oat coleoptiles. This conclusion followed the application of 
Michaelis-type kinetics to their data. Such treatment is only permissable in 
cases where the growth rate is constant with time. Under our conditions this 
was not the case, even when sugar was added to the medium. Figure 2A 
presents an experiment in which the growth of sunflower segments in various 
concentrations of IAA was followed for 10 hours. It will be seen that in sub- 
optimal concentrations of IAA the time curve is parabolic. The curve is 
sigmoid if total growth instead of rate of growth is plotted against time 
(3, 12). In optimal IAA concentrations the growth rate reaches its maximum 
value within 2 hours after which it decreases with time. Figure 2 B indicates 
very similar behaviour in coumarin solutions. The growth rate in suboptimal 
concentrations is not constant even for short periods of time. Therefore, 
kinetic treatment similar to that of McRae et al. is not possible. 
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Figure 2. Progress curves for growth of sun- 

flower segments in various concentrations of 

IAA (A) or coumarin (B). 

A: 1=water control, 2=0.01, 3=0.05, 4=0.5, and 
5=5.0 mg/l. IAA. 

B: 1=water control, 2=50, 3=100, 4—400, and 
5=800 mg/l. coumarin. 

Growth expressed as increase in weight per two 

hours calculated as °/o of initial weight. 


(b) Growth in mixed solutions of IAA and coumarin. — In these experi- 
ments growth rate was measured after 2—3 hours, this time interval being 
chosen in order to approach as near as possible to an assessment of the 
initial rate. 

Figure 3 presents the results of experiments in which a low concentration 
of IAA was mixed with various concentrations of coumarin (Figure 3 A) and 
vice versa (Figure 3 B). In each case growth in the mixtures was compared 
with growth in the corresponding concentration of the single substance. 
Consideration of the curves for growth in the single solutions (curve 1 in 
Figure 3A and curve 1 in Figure 3B) reveals, firstly, that the range of the 
effective IAA concentration is approximately 100 times wider than the cor- 
responding range for coumarin (0.02—10 mg/l. for IAA as compared with 
50—400 mg/l. for coumarin); and secondly, that the stimulation of growth 
brought about by IAA is approximately twice that brought about by 
coumarin. 

Figure 3 A suggests that the growth promoting effects of IAA at 0.02 mg/l. 
and coumarin at 50 mg/l. are additive in mixed solutions. Additivity is here 
used as meaning that the total stimulation of growth in the presence of both 
substances equals the arithmetical sum of the stimulation of growth caused 
by each of them alone. Both concentrations are the lowest giving any effect 
at all during three hours. In the presence of 400 mg/l. coumarin (optimal 
concentration) the growth rate in mixed solutions was as great as in coumarin 
alone. In the intermediate concentrations, for instance, 100 mg/l. coumarin, 
the growth rate was greater than that in coumarin alone, but smaller than 
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Figure 3. Growth of sunflower segments after 3 
hours in mixed solution of IAA and coumarin as 
compared with that in the single solutions. 
A. Varying concentrations of coumarin with 0.02 
mg/l. IAA. 
1=coumarin alone 
2=coumarin+IAA 
B. Varying concentrations of IAA with coumarin 
50_mgl/l. 
1=IAA alone 
2=coumarin+IAA 
Abscisse: A=coumarin concentration (mg/l.). 
B=IAA concentration (mg/l.). 
Ordinate: growth expressed as °/o of growth in 
water. 


70.020 010052 0 50 
mg/l 


the expected value if the effects were additive. In all these concentrations 
the potentially for extension growth was not yet exhausted, as is evident 
from Figure 3B. 

From Figure 3B it also appears that the stimulating effect of 50 mg/l. 
coumarin is additive with that of IAA up to 2 mg/l. (approximate optimal 
concentration). At higher IAA concentrations the effect is less than additive 
and approaches in magnitude the effect brought about by 50 mg/l. IAA 
alone. Mixtures of coumarin in optimal concentrations with various con- 
centrations of IAA were next tried (Figure 4). From these results it emerges 
that when the two substances are mixed together in optimal concentrations 
(IAA 5—25 mg/l., coumarin 500 mg/l.) the resultant growth is markedly 
less than in the corresponding concentration of IAA alone. With mixtures 
with lower IAA concentration, i.e. 0.5 mg/l., the growth, though not signi- 
ficantly below that in the corresponding concentration of IAA, is well below 
the value to be expected if the effects of the two substances were additive. 
This IAA concentration lies on the rising part of the growth curve where the 
growth capacity is far from being fully exploited. It may be noted that 
growth in the mixtures is never less than in coumarin alone. 
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Figure 4. Growth of sunflower segments after 2 hours in 
mixed solutions of coumarin at optimal concentration (500 
mg/l) with varying concentrations of IAA. 


1=IAA alone 
2=IAA+coumarin 
Growth expressed as °/o of growth in water. 100: 
0S 5 10 15 20 25 
IAA mg/l 


The important points emerging from comparing Figure 3 A with Figure 3 B 
seem to be as follows: — When IAA in a wide range of concentration (0.02 — 
2.0 mg/l.) is added to coumarin of 50 mg/l., the effects of the two substances 
are additive. On the other hand, when coumarin at a concentration of 100 
mg/l. or above is added to IAA, the stimulatory effects of the two substances 
are not additive. The higher the concentration of coumarin, the further does 
growth fall below the expected additive value. It thus appears that coumarin 
inhibits the action of IAA but the latter probably does not inhibit the action 
of the first. (See also Figure 4). 

(c) Pre-treatment studies. — From the experiments summarized in the 
previous section, some evidence emerges that the mode of action of the two 
substances is not identical. This possibility was further investigated in experi- 
ments in which treatment with IAA was separated in time from that with 
coumarin. 

Table 1 summarizes the result of an experiment in which the segments 
were pretreated for 3 hours, in 50 mg/l. coumarin, the increase in growth 


Table 1. Growth of segments of sunflower hypocotyl after pretreatment with coumarin, 
IAA or water for 3 hours, and subsequent treatment with IAA or water for 21 hours. The 
growth is expressed by the increase of weight calculated as per cent of initial weight. 


Prefreatment (3 hrs) Subsequent treatment (21 hrs) 
Expt. 

Solution | Growth Solution Growth 
a Water... EEE 4.1 Water toc: 8.8 
b Waters er 3.8 IA 2: mes Free 28.6 
c Coumarin 50 mg/l. ............ 5.3 Waters -sercce-eresce 10.4 
d Coumarin 50 mg/l. ............ 5.9 N MO Bear 37.0 
e RAA ATEN een ee 13.1 TAAS2 mE sec. 17.3 


Significant difference (P—0.05) 1.5 
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measured, and the tissue transferred for further 21 hours to 2 mg/l. IAA 
(optimal concentration for total growth over 24 hours). From this table it 
is evident that pretreatment with coumarin enhances the growth stimulation 
caused by IAA. Coumarin pretreatment alone, followed by transfer to water, 
appreciably stimulated growth as compared with that of the segments kept 
in water throughout. This stimulation was relatively slight, the absolute 
increase caused by the first treatment was 1.6 per cent greater than the 
absolute increase caused by the second treatment (compare a and c in 
Table 1). However, the absolute increase in growth observed in the cou- 
marin — IAA series was 8.4 per cent greater than the increase in growth 
observed in the water — IAA series (compare b and d in Table 1). The total 
growth during 24 hours was greater in the segments pretreated in coumarin 
and transferred to IAA than in the segments kept througout in an optimal 
concentration of IAA (42.9 per cent as compared with 30.4 per cent). 


To test whether the high figures in the coumarin — IAA treatment as com- 
pared with the water > IAA treatment was related to some specific property 
of coumarin, or was merely the result of treatment with a growth regulator 
at the physiological stage during which the segments elongate most rapidly 
(the first three hours), an experiment was performed in which pretreatment 
with IAA was compared with pretreatment with coumarin. In order to 
increase the validity of this comparison, the concentration of IAA used in 
the pretreatment was chosen so as to effect the same quantity of growth as 
that brought about by the coumarin in pretreatment. The results are sum- 
marized in Table 2. They show clearly that it is the special effect of pre- 
treatment with coumarin which increases the subsequent growth in IAA. 
The subsequent growth in the 2 mg/l. IAA solution was 28.2 per cent for 
segments pretreated with IAA as compared with 41.2 per cent for segments 
pretreated with coumarin. 


Further experiments investigated whether the special effect of pretreat- 


Table 2. Growth of segments of sunflower hypocotyl after pretreatment with IAA (0.05 mg/l.) 

or coumarin (400 mg/l.) for 3 hours and subsequent treatment with IAA (2 mg/l.) for 

21 hours. The growth is expressed by the increase in weight calculated as per cent of 
initial weight. 


Pretreatment (3 hrs) Subsequent treatment (21 hrs) 

Solution | Growth Solution l | Growth 
Water... 4.6 Water men ates 7.4 
TA ANNE AR 10.8 TAA SEES ee BER 28.2 
Coumarin®.... 10.9 AA 41.2 


Significant difference (P= 0.05) 3.2 
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ment with coumarin could be achieved in under 3 hours. It was found that 
the three hours pretreatment period could be shortened considerably, with- 
out losing the effect. The stimulatory effect is still evident after pretreat- 
ment for 15 minutes only. 

The relative stimulation in growth during the subsequent period in IAA 
solution brought about by pretreatment in coumarin, as compared with the 
growth of control segments pretreated in water, was examined for succes- 
sive time intervals of the subsequent experimental period. The segments 
after pretreatment in 400 mg/l. coumarin or in water were all transferred to 
2 mg/l. IAA and weighed after three, six and 24 hours. It was found that the 
magnitude of the stimulation caused by coumarin increased with time. In a 
typical experiment the growth of the coumarin pretreated segments, expres- 
sed as per cent of the growth of the water pretreated controls, was 116 for 
the first three hours, 132 for the subsequent three hours and 222 for the final 
18 hours. 

One possible explanation for this phenomenon, though by no means the 
only one, is that IAA and coumarin act on separate processes, both of which 
may limit the overall growth rate. In the first few hours of treatment with 
IAA, when water uptake is very rapid, the growth rate may be limited by 
an additional factor, such as rate of production of substrates for synthetic 
processes, or some other factor essential for normal growth. During later 
hours when the growth rate is less rapid, this third unknown factor may be 
limiting no more, thus allowing the growth promoting effect of coumarin 
to be more pronounced. An indication that this may be the case was afforded 
by an experiment in which the growth of coumarin pretreated segments, 
relative to water pretreated controls, was observed to be initially greater when 
transferred to 0.2 mg/l. IAA (sub optimal) than when transferred to 2 mg/l. 
(optimal) IAA, i.e. the slower the rate of growth induced the more notice- 
able the effect of the coumarin pretreatment. 

The magnitude of the effect of pretreatment in coumarin on the subsequent 
growth in IAA depends on coumarin concentration and appears to be related 
to the latter by a saturation curve. The approximate range of concentrations 
producing this effect (10—1000 mg/l.) resembles that causing the “auxin- 
like” stimulation in extension growth when coumarin treatment is applied 
alone. It thus seems possible that the mechanism bringing about growth 
stimulation by coumarin alone, and that through which coumarin produces 
its synergistic effect with IAA, are identical. 

The effect of the coumarin pretreatment on subsequent growth is evident 
only when coumarin forms the first treatment and IAA the second. When 
the order is reversed, the residual effect of the pretreatment is no greater 
than in segments pretreated in IAA and transferred to water, and no such 
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Table 3. Growth of sections of pea epicotyl after pretreatment with coumarin (250 mg/l.) 
or water for one hour and subsequent treatment with IAA (2 mg/l.) or water for 23 hours. 
The growth is expressed by the increase of weight calculated as per cent of initial weight. 


th during subsequent 
Pretreatment (1 hr) Subsequent treatment (23 hrs) | ih ee q 
Water eee st. ee Water SR En bhe no | 6.7 
CGoumarin22502mg/l. 2.222... Water reece eres nee ee == =e ae 8.0 
Water.. ware ces (ALAA 2 me es ee 59.8 
Coumarin 250 ‘mg/l. eee LAA 2 1g) dae 65.9 
SENS difference EE — 0.05) 1.6 


synergistic effect between IAA and coumarin is evident. It seems, therefore, 
that in order to obtain this promoting effect of coumarin, the latter must 
act before the IAA. The lack of effect in the reverse order treatment might 
also be due to some inhibitor formed during IAA pretreatment (12). 

It is worth noting that the marked stimulatory effect of pretreatment in 
coumarin on subsequent growth in IAA (2 mg/l.) is also shown by oat 
coleoptiles. The subsequent growth of coleoptiles pretreated for one hour 
with coumarin (15 mg/l.) was 140 per cent when the subsequent growth of 
the water pretreated coleoptiles is considered as 100 per cent. 

The same effect was also investigated with pea tissue. The results are 
summarized in Table 3. From these results it appears that pretreatment with 
coumarin for three hours enhances the subsequent growth in IAA. The 
absolute stimulation resulting from such a treatment is markedly greater 
than the absolute maximal stimulation caused by coumarin alone. The 
absolute growth stimulation is 6 per cent, as calculated on initial weight in 
the first case and one per cent in the second (see also section 1). 


3. Attempt to exclude possibility of synergism with endogenous IAA 


The interaction between coumarin and IAA demonstrated in the pretreat- 
ment experiments reported above re-opens the question as to whether cou- 
marin is in itself an auxin, or whether it only acts synergistically with endo- 
genous IAA, This question may also be applied to many substances that have 
been classified as auxins on their ability to promote the growth of segments. 
The latter were assumed to have a low auxin level, but since they were still 
capable of growing in pure; water, had not entirely exhausted their endo- 
genous IAA. 

An attempt was therefore made to study the “auxin-like” action of cou- 
marin on segments, the endogenous auxin of which was fully exhausted, 
i.e. segments which had stopped growing in pure water. The results are 
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Table 4. Subsequent growth of sunflower hypocotyl segments after having been pre- 
treated for 35 hours in water. Growth during 5 hours of subsequent treatment is expressed 
as increase in weight calculated as per cent of initial weight. 


Solution Growth 


VAE D en caschenncn 
Coumarin 400 mg/l. ...,.................. & 
AA 0105 Em EA Me eme ke 
DATA O0 D Eng RE > 
IAA 0.01 mg/l. + Coumarin 400 mg/l. 
Significant difference (P — 0.05) 


0 

4.1 
4.0 
0.2 
4.4 
0.7 


summarized in Table 4. It may be seen from these results that after 35 hours 
in water the subsequent growth in water was nil. The segments were, how- 
ever, capable of renewing their growth on the addition of either 400 mg/l. 
coumarin or 0.05 mg/l. IAA. The amount of growth stimulated by these con- 
centrations of the respective growth substances was approximately equal in 
magnitude, as is also the case when the growth substances are applied right 
at the beginning of the growth period. The absolute size of the growth 
stimulation was, however, slight compared with experiments in which the 
growth substances were applied earlier (cf. the progressive development of 
the inhibitory mechanism, 6). 

While the cessation of growth in water, and its resumption on the addi- 
tion of the growth regulator, does not directly prove that the auxin content 
of the segments was nil, it makes it highly probable that this was the case. 
A similar experiment was in fact one of the bases for Went’s famous dietum 
“Ohne Wüchstoff kein Wachtsum”. The results of this experiment thus 
strongly suggest that the action of coumarin is independent of endogenous 
IAA. This is born out further by the fact that the addition of 0.01 mg/l. IAA 
to the coumarin did not increase its effect (Table 4). (This concentration of 
IAA was in itself without effect). 


Discussion 


his investigation has confirmed our earlier findings. (11) that coumarin 
is in itself stimulator of elongation growth. Further, our work leads to the 
conclusion that the site of action of this growth regulator is not identical 
with that of IAA. Two lines of evidence have led to this conclusion. The first 
emerges from interaction experiments. McRae et al. (10) have pointed out 
that when two growth substances compete for a single site, and these two 
growth regulators differ both in their affinity for the site (Ks), and in the 
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maximum growth velocity (Vmax) which will be obtained when the site 
is fully saturated by the auxin, then a critical concentration (Serit) of the more 
active growth regulator will occur above which addition of the weaker growth 
substance will only produce inhibition. This is due to the fact that though 
added molecules of the weaker auxin occupy previously unoccupied sites 
and thus tend to stimulate growth, this advantage will eventually be counter 
acted by the fact that they also displace stronger auxin molecules from the 
site. The critical concentration may be calculated from the equation: 


Vmaxe 
Vmax,—Vmaxe © 


Serit = KS1 


Ks; and Vmax; relate to the stronger auxin and Vmax, to the weaker (10). 


In the present investigation as explained in section 2b, precise estima- 
tions of these constants was not possible, owing to the fact that the growth 
rate changed with time and consequently the true initial growth rate could 
not be assessed. A rough calculation of Scrit. has nevertheless been made 
from the data presented in Figures 3 A and 3 B, taking the growth rate during 
the first three hours as the initial velocity. The figure arrived at for Scrit. 
is less than 0.3 mg/l. IAA. It is clearly seen in Figure 3B that no such 
critical concentration existed in our experiments. Over the entire IAA range 
tested, up to 50 mg/l. IAA, the addition of 50 mg/l. coumarin produced no 
inhibition. On the contrary, over the range 0.02—2 mg/l. IAA the growth 
stimulatory effects of the two substances were additive. 

The second line of evidence arguing for separate sites of action of the two 
growth substances is afforded by pre-treatment studies. The experiment 
described in section 2 c, demonstrated the remarkable stimulation in sub- 
sequent growth produced by pretreating segments for three hours in cou- 
marin before transferring them to IAA, as compared with segments pre- 
treated in water. This stimulation was far greater than the residual effect 
of similar pretreatment in coumarin on segments subsequently transferred 
to water. When two substances both promote a process, and when their 
combined effect is greater than the sum of each individual effect, then it 
must be concluded that they are not acting in the same way. This experiment 
thus provides strong evidence for different modes of action for the two 
growth substances. The fact that the order in which the coumarin and IAA 
treatments are applied is important (see section 2 c) strengthens the evidence 
for different modes of action. 

It may be emphasized that the synergistic effect of pretreatment in coumarin 
on subsequent growth in IAA is observable when the IAA concentration is 
optimal (2—10 mg/l.). Coumarin has increased the maximum stimulation 
brought about by IAA. 
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The total growth for 24 hours was also greater for segments pretreated 
with coumarin and transferred to IAA, than for segments which had spent 
the total period of growth in optimal concentration of IAA (Table 1 d and e). 

This paper has produced evidence for a synergistic action between IAA 
and coumarin in promoting growth, i.e. each substance promotes growth 
when applied singly but when both are applied the total effect is greater than 
the sum of the two effects taken independently. The synergism reported 
here thus differs from that attributed to coumarin by Thimann and Bon- 
ner (16), the coumarin in their experiments being understood to be inactive 
when applied alone, but to promote the action of IAA when the two sub- 
stances were combined. 

The question arises as to why the striking synergism observable when the 
coumarin treatment precedes the IAA treatment is not also visible when the 
two auxins are applied in a mixed solution (Figures 3, 4). That this is not the 
case is probably connected with the fact that when coumarin is applied 
together with IAA it appears to have a growth inhibiting effect (see section 
2b). In the pretreatment experiments, separation between the growth pro- 
moting and growth inhibiting actions of coumarin appears to have been 
achieved. Concentrations of coumarin which when applied together with IAA 
are strongly inhibiting (see Figure 4) are stimulating when applied as pre- 
treatment (see Table 2). 

As pointed out in section 2c, pretreatment in coumarin was considerably 
more effective than pretreatment in 0.05 mg/l. IAA. Further, it may be seen 
from the work of Osborne (12) that pretreatment in 2,4-dichlorophenoxy- 
acetic acid, or in 2,5-dichlorobenzoic acid had no stimulatory effect on sub- 
sequent growth in IAA, as compared with pretreatment in water. The 
stimulatory effect of pretreatment in coumarin thus distinguishes this sub- 
stance from other growth regulators. It may in addition, be distinguished 
from gibberellin which according to van Overbeek (13) also has a different 
site of action from that of IAA; but not like in the case of gibberellin, the 
promoting effect of coumarin on the elongation of excised segments is 
independent of endogenous IAA (5a). 


Summary 


1. The effect of coumarin on the extension growth ot various plant tissues 
has been studied. The tissues used are sunflower hypocotyls, pea epicotyls, 
bean hypocotyles, and oat coleoptiles. 

2. It was found that the promoting action on growth previously reported 
for sunflower tissue is also observable on the other tissues mentionèd above. 
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3. Studies of growth in mixed solutions of coumarin and IAA indicated 
that the growth stimulatory effect of the two substances is additive for a 
wide range of IAA concentrations when the coumarin concentration is that 
producing threshold stimulation. When the coumarin concentrations are 
100 mg/l. or more the effect is less than additive. The higher the concentra- 
tion of coumarin the further does the growth fall below the expected addi- 
tive value. When the two substances are mixed together in optimal concentra- 
tions (IAA 25 mg/l., and coumarin 500 mg/l.) growth is markedly less than 
in the corresponding concentration of IAA alone. 

4. In pretreatment studies, treatment with coumarin was separated in 
time from that with IAA. Pretreatment with coumarin for three hours very 
markedly stimulated the subsequent growth of segments in optimal TAA con- 
centration. The residual effect of such pretreatment on segments subsequently 
transferred to water was relatively slight. Synergistic interaction between 
the two substances in promoting growth is thus indicated. The effect of 
coumarin pretreatment greatly exceeded that of pretreatment with 0.05 mg/l. 
IAA — a concentration which produced approximately the same stimulation 
of growth during the three-hour pretreatment period. 

5. The promoting effect of coumarin on subsequent growth in IAA was 
not evident when the order of the treatments was reversed. 

6. It is suggested that in the pretreatment experiments the growth stimula- 
tory action of coumarin has been separated from its other effect, i.e. that of 
inhibiting the stimulation of growth caused by exogenous IAA. 

7. Coumarin renewed the growth of hypocotyl segments which have been 
floated in water for 35 hours and had stopped growing. It is, therefore, 
concluded that its promoting action is independent of endogenous IAA. 

8. The results summarized in this paper are discussed and it is concluded 


that the site of action of coumarin in promoting extension growth differs 
from that of IAA. 


The author wishes to express his thanks to Dr. A. Poljakoff-Mayber, under whose 
supervision this work was carried out, for her guidance and help, and to Dr. L. Rein- 
hold, for her interest and many helpful suggestions. 


This paper is a part of a Ph.D. thesis to be submitted to the Hebrew University, 
Jerusalem. 
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Earlier work has shown that the sugar concentration in the water phase 
of ripening peas is relatively constant at about 8 °/o during the first stage of 
the ripening process (1). These results have been verified by later investiga- 
tions which have shown that different cultivation conditions, of weather 
and soil do not affect the sugar concentration in the water phase (2). The 
investigations have been carried out on seeds of the variety Profusion. By 
using the values obtained by Bisson and Jones (1) on the variety Dwarf Tele- 
phone the present author obtained a figure of 8.2 °/o for the sugar concentra- 
tion in the water phase. Similarly a figure of 9.5 %/o was obtained from work 
of Turner and Turner on the variety Canners Perfection (5). 

Thus it seems probable that peas generally, during the first stage of ripen- 
ing, have a concentration of about 8 °/o sugar, calculated on the seeds water 
content. The conditions are, however, changed during a second stage of 
ripening when an intensive starch synthesis commences and the sugar con- 
centration correspondingly decreases (2). 

Interesting facts concerning the distribution of different simple sugars in 
ripening pea seeds have been published in recent years. Turner et al. (6) 
have shown by chromatographic investigations that, during the first ripening 
stage, the simple sugars consist in the main (about 90 °/o) of sucrose; the 
remainder consisting of glucose and fructose in equal amounts. Similar results 
have been obtained by Danielson (4) working on seed material preserved in 
ethanol in cans. Wanner (7), using paper chromatography, obtained similar 
results on germinating pea seeds. 
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Hereafter, the term sugar, or soluble sugar, refers to the sum of mono- 
saccharides and sucrose. If the total weight of soluble sugars, in grams, of 
100 seeds is plotted against their water content, also in grams, a straight line 
is obtained for the first stage of the ripening process (2, 3). The slope of this 
curve is a measure of the sugar concentration in the water phase. It would 
be expected that this curve should pass through the origin, assuming that in 
different parts of the seeds the water holds the same sugar concentration. 
Repeated investigations, carried out during the years 1954—1958 have shown, 
however, that the curve cuts the abscissa in such a way that 100 seeds seem 
to contain about 3.5 g. of water, which does not contain any sugar. 


The present investigation has been carried out to discover the reason why 
the sugar-water curve does not pass through the origin. Identical analyses 
were carried out on whole seeds, embryos and integuments. 


In very small seeds the embryos are relatively undeveloped and the unripe 
seed consists mainly of a thick succulent outer integument and a thinner 
inner integument with the diminutive embryo lying in a watery medium, 
namely the endosperm. The embryo and the endosperm are the total con- 
stituents of the embryo sac. Preliminary investigations have shown the 
endosperm to contain about 3.9 °/o soluble sugar, of which 90 °/o is sucrose. 
Thus this low figure for the sugar content of the endosperm partially 
explains why the sugar-water curve does not pass through the origin. 


Experimental 


In the experiments seeds of Pisum sativum L, Profusion variety, were used. 
The seeds were collected in the morning, only pods from the first node being 
taken (2). The seeds were removed from the pods as rapidly as possible, and 
the analyses were begun about 30 minutes after picking. All experiments in 
the investigation were thus carried our on fresh seed material. The methods 
of analyses have been described in earlier papers (2, 3, 4). Three fractions, 
namely whole seeds, embryos and integuments, were analyzed. The embryos 
were separated from the integuments by means of a sharp knife. Embryos 
and integuments were freed from adhering endosperm. by drying on filter 
paper. The weight of different fractions are shown in Figure 1, where it can 
be seen that at the beginning of the experiments the integuments weigh con- 
siderably more than the embryos, which at this early stage had a diameter 
of about 1 mm. By extrapolation, as indicated in Figure 1, it was found that 
the smallest seeds were about 6 days old from the time of pollination. The 
values obtained for fresh weight, dry substance and soluble sugar (mono- 
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Figure 1. The fresh weights as a function of harvest time in the fractions investigated in 
seeds of Pisum sativum. 
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Figure 2. The content of total sugar as a function of water content in pea sceds. 
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Figure 3. The content of sucrose and monosaccharides as a function of water content in 
embryos of pea seeds. 


saccharides and sucrose) are stated in Table 1. In Figure 2 the weight of 
soluble sugar has been plotted against the weight of water in 100 whole seeds, 
embryos and integuments respectively. Figure 3 shows sucrose and mono- 
saccharides as a function of water in the embryos. 


Discussion 


It can be seen from Figure 2 that during the first stage of ripening all 
three fractions analyzed showed a linear relationship between the sugar and 
water content. The slopes of the three curves establish the sugar concentra- 
tion of the water phase to be the same, about 9 °/o, in all three cases: whole 
seeds, embryos and integuments. The curve for whole seeds cuts the abscissae 
at 3.8 g. water/100 seeds. Corresponding values for embryos and integuments 
are 0.3 g. and 2.7 g. respectively. Thus it can be stated that the “apparently 
sugar-free water” (2, 3) which was found in whole seeds in earlier investiga- 
tions is situated mainly in the integuments. The remainder is found in the 
endosperm. 

Figure 3 shows that the monosaccharide content is low in the embryos 
during the whole ripening process. Corresponding similar values for the ratio 
between sucrose and monosaccharides were obtained for the integuments and 
for this reason these values have not been included in Table 1. No definite 


Physiol. Plant., 13, 1960 


346 CARL ERIK DANIELSON 


Table 1. Fresh weight, dry substance, and soluble sugar of whole seeds, embryos, and 
integuments of developing peas. 


à : ; Dry substance % of| Soluble sugar % | Monosaccharides % 
Date of Fresh weight g/100 fresh weight fresh weight of fresh weight 
harvest - a Inte- = Inte- 
1958 |Whole| Em- ae Whole} Em- oe Whole) Em- gu- Embryos 
seeds |bryos Br seeds |bryos nents seeds |bryos ans 
oe ie ee Se le Tun eh nn nn 
16 VII 9.4 0.9 6.7 | 16.8 | 15.7| 20.1 4.2 3.7 4.2 1.4 
14. 11.2 1.3 7.8 | 17.2 | 14.5| 20.2 4.8 6.3 4.7 0.9 
18 14.1 2.0} 10.4 | 17.4 | 15.1| 20.0 9.1 5.7 5.2 71 
19 16.1 3.2] 10.4 | 19.6. | 16.21 21:4 5.1 6.5 5.4 0.7 
20 — i — = = = =a =F = = 
21 21.7 71.30.1272 1219%:17)717.2)822:5 5.6 6.3 5.1 0.8 
22 25.8 | 11.1] 13.5 | 19.3 | 18.4| 22.3 6.0 6.9 5.2 0.6 
23 32.8 | 17.8| 14.2 | 19.6 | 17.5| 23.4 5.8 6.0 4.1 0.5 
24 33.5 | 17.8| 14.5 | 18.0 | 18.5| 23.2 6.6 6.5 5.7 0.6 
25 35.5 | 20.2| 14.4 | 21.4 | 21.6| 23.4 6.2 7.6 5.1 1.0 
26 45.7 | 29.6| 14.9 | 20.2 | 19.4] 22.9 6.3 7.4 4.8 0.2 
27 == = == == > =a = — — — 
28 48.1 | 32.4) 15.1 | 22.0 | 22.5 | 22.4 6.4 7.6 4.7 0.4 
20 56.3 | 39.9| 15.9 | 22.0 | 23.0] 21.6 5.2 6.7 3.5 0.5 
30 61.9 | 45.6 | 15.6 | 24.5 | 24.9] 19.8 4.6 6.2 3.0 0.3 
3 3.2 | 54.5 | 18.1 | 25.2 | 27.3 | 19.0 5.0 4.8 A 0 
1 VUI | 70.2 | 53.0) 16.6 | 25.4 | 27.2) 19.5 4.1 4.2 2,1 0 
2 65.2: 48.5.| 15.9 126.2 128.6 19.1 4.0 4.5 2.5 0.3 
3 er — = = — = = — a +. 
4 72.7 | 54.9] 17.0 | 27.3 | 29.4] 19.0 5.7 4.4 2.2 0.2 
5 72.6 | 54.5| 16.9 | 30.0 | 31.9| 19.1 2.6 3.3 1.6 — 
6 73.0 | 55.5| 16.7 | 29.8 | 32.4] 18.1 2.3 3.9 1.4 0.2 


value for this ratio could be obtained for the endosperm. During the process 
of separating the three fractions part of the endosperm distributed itself on 
the embryos and the integuments with the result that ao suitably large sample 
of the endosperm could be obtained. A few preliminary experiments, how- 
ever, showed the total sugar content to be about 3.9 °/o. Thus it can be seen 
that the sugar concentration, calculated on the water content, is not the same 
in the different parts of the seeds. The highest concentration being found in 
the embryos, and the lowest in the endosperm. 


Thus it has been demonstrated that during the first stage of ripening, i.e. 
before the commencement of the natural dehydration of the seeds, total sugar 
in the embryos increases at the same rate as water. The result is a constant 
sugar concentration in the water phase of about 8 °/o. 


From this present work the interesting question concerning the path of 
sugar movement from integument to embryo arises. Is sugar first stored in 
the integument or in the sugar solution of the endosperm, or does sugar pass 
directly from pod to embryo without intermediate stages? The path through 
the endosperm would require an active sugar transportation from the lower 
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concentration of 3.9 °/o in the endosperm to the higher concentration of 8 °/o 


in 


the embryos. To answer this question labelled isotopes would appear to 


be necessary as ordinary chemical analysis is inadequate. 
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1. Introduction 


It is well known that both animals and plants in the dark are able to fix 
carbon dioxide. This fixation has nothing to do with photosynthesis. The 
best known reaction according to which external CO; in this way is introduced 
into organic matter is the so-called Wood-Werkman reaction. Pyruvic acid is 
carboxylated. 

When applying the carbon-14 method for measuring organic productivity 
in the sea or in fresh water — Steemann Nielsen 1952 — the dark fixation of 
14CO; under certain conditions may give rise to some complication. Fortunately, 
however, ordinarily the influence of the dark fixation is unimportant. In a 
healthy culture of a plankton alga it is negligible compared with the fixation 
due to light saturated photosynthesis as first shown by Brown, Fager and 
Gaffron 1949. The dark fixation, in percentage of light fixation, varies to 
some extent. The physiological state of algae, the duration of the experiment, 
the CO: concentration and very likely the species used is important. 

Figure 1 (after Steemann Nielser and Aabye Jensen 1957) presents the 
dark fixation (in percentage of light saturated photosynthesis) as a function 
of time in Chlorella pyrenoidosa. When the duration of the experiment was 
4 hours dark fixation was about 0.3 per cent of the fixation at light satura- 
tion. This is the lowest percentage ever seen in Chlorella pyrenoidosa by the 
present writer. It was very likely caused by the relatively low concentration 
of CO: (total), namely 0.001 M. At a concentration of 0.002 M, the dark 
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Figure 1. Dark fixation of 14C in Chlo- 
rella pyrenoidosa as a function of the 
experimental time. 


Dark fixation in percentage of light fixation 
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fixation rate is ordinarily about one per cent in a healthy culture of both 
this species and Scenedesmus quadricauda. It may even occasionally be 
slightly higher than one per cent. The shape of the dashed curve (C) in 
Figure 5 p. 354, presenting the dark fixation of CO» as a function of time, 
shows that there must be a reservoir of some organic substance which can 
interchange CO: with the surrounding water. After 4--5 hour in water con- 
taining CO: the reservoir has become more or less saturated with the 
isotope. 

The influence of the physiological state of the algae on dark fixation seems 
to have been investigated only with regard to deficiency in nutrient salts. 
Steemann Nielsen and Al Kholy 1956 showed that in cultures of Chlorella 
pyrenoidosa where the growth had stopped due to lack in phosphate, the dark 
fixation in percentage of the fixation at light saturation increases. Rates of 
4—6 per cent were found. It seems, however, that the dark fixation per 
number of algae does not change much in this case. It is primarily the rate 
of light saturated photosynthesis which decreases — in the present case to 
about one third — and thus gives rise to an apparent increase in dark 
fixation. 

If the growth of the algae is brought to a stop by nitrogen deficiency the 
influence on the rate of dark fixation is perhaps more pronounced. Dark 
fixation rates in percentage of fixation at light saturation of between 37 
and 39 were found by Steemann Nielsen and Al Kholy. However, the rate 
of light saturated photosynthesis was reduced to one twelfth of the rate in 


normal cells. 
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The rate of light saturated photosynthesis is relatively low in shade- 
adapted algae (Steemann Nielsen and Hansen 1959). It could perhaps be 
suggested therefore that the relative dark fixation in such algae is slightly 
higher than in light adapted algae. 


2. Dark Fixation in Natural Plankton Communities 


When using the carbon-14 technique for measuring organic productivity 
in the sea or in lakes it must be borne in mind: that dark fixation of CO, 
is not due exclusively to the photo-autotrophic algae, but to all organisms 
present, for example plankton animals and bacteria. In these organisms pro- 
cesses like the Wood-Werkmann reaction take place as well. If chemo- 
autotrophic bacteria are present, their assimilation of carbon dioxide forms 
a part of the dark fixation. 

Steemann Nielsen and Aabye Jensen 1957 dealing with the material from 
the “Galathea” Expeditions stated that the dark fixation in water from the 
photic layer in the sea is mostly about 1—2 per cent of the fixation at 
optimal light intensity but may be as high as 5 per cent. All the measure- 
ments of dark fixation were made during the first part of the expedition 
covering productive areas. According to Currie 1958 the dark assimilation 
varied from 1 per cent to 3 per cent in his experiments in the Atlantic. 
Jönasson and Mathiesen 1959 found for an extensive series of measurements 
in eutrophic Danish lakes a dark fixation rate of between 1 and 2 per cent. 

According to Jones, Thomas and Haxo 1958, in some experiments with 
surface water from the Pacific the dark fixation is 15.5 per cent if the 
experimental time is four hours. These authors did not treat their filters 
with hydrochloric acid and therefore all their values are probably much too 
high; cf. p. 355. 

According to Table XIII in Doty 1958, the average dark fixation in Mid- 
Pacific is 5.2 °/o of the fixation in the light, if we omit the samples taken in 
the late afternoon when photosynthesis is suppressed. As will be shown later 
it is not possible absolutely to compare the results obtained by different 
workers. Thus for example the volume of water used for the experiments is 
of importance. Furthermore, the treatment of the filters with hydrochloric 
acid as made by Doty perhaps was not satisfactory; cf. p. 355. Before dis- 
cussing such problems a collection of recent observations concerning dark 
fixation will be presented. The latter may be expected to be high in polluted 
water or in unproductive water. Therefore collections containing samples of 
this kind have been chosen. 

Figure 2 presents observations from the Sound off Helsinger, collected 
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Figure 2. Dark fixation of 14C as a function of 
the light saturated rate. The Sound off Helsingor 
1958—1959. ®=surface, O=depth of 15—20 m. 
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during the period October 1958—November 1959. Measurements were made 
in the laboratory about once every month with water from the surface and 
from the depth (about 15—20 m) at which 5 °/o of the green surface light 
was found. The dark fixation in percentage of the fixation at light satura- 
tion is presented as a function of the light saturated rate of photosynthesis. 
The duration of each experiment was four hours. The Sound is a relatively 
unproductive area, cf. Steemann Nielsen 1958 b. This is also seen from the 
present material. A rate of photosynthesis above 0.5 mg. C/m?./hour was 
observed in only nine of the samples. The dark fixation was below 2.1 °/o of 
the fixation at light saturation in all these samples. The rate of photosyn- 
thesis was below 0.2 mg. C in the four cases where the dark fixation was 
higher than 5 °/o (5.0—8.8 °/o). Although the statistical reliability of the dark 
samples is relatively low if the rate of photosynthesis is very low, it is easy 
to demonstrate the fact that in non-polluted water, as in this part of the 
Sound, high percentages of dark fixation are found only if the rate of photo- 
synthesis is very low. It must further be mentioned that five out of the 
6 measurements where the dark fixation was more than 3 °/o originated 
from the deeper layer. 

Figure 3 presents observations during July— August (1957 and 1958) on 
the dark fixation from the Atlantic water west of Ireland, around the Faroes, 
and from the central part of the Davis Strait between Labrador and Green- 
land. The dark fixation, in percentages of light saturated photosynthesis, is 
presented as a function of the light saturated rate. The filled circles indicate 
the observations from the surface and from the depth where 10 per cent of the 
green light at the surface was found whereas the open circles indicate the 
observations from the depth where one per cent of the green light at the 
surface was found. The duration of the experiments was 3—4 hours. 

The rate of light saturated. photosynthesis varied between 0.1 and 7.1 mg. 
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Figure 3. Dark fixation of '!C as a function of 
the light saturated rate. The North Atlantic 
and Greenland Waters. July— August. ® =near 
the surface, O=deeper water. 
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C/m?./hour. The dark fixation varied between 1.0 and 7.2 per cent in the 
samples from the surface and from the medium depth (average=2.9 °/o) and 
between 0.8 and 31.0 per cent in the samples from the greatest depth 
(average=8.5 °/o). These measurements indicate that as with the measure- 
ments from the Sound, high percentages of dark fixation are found only 
when the rate of light saturated fixation is very low and only in water from 
the deeper level; Figure 3. 

Figure 4 presents measurements of dark fixation in Canale Grande, Venezia, 
during a whole year. The measurements were made near the outlet of the 
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Figure 4. Dark fixation of “C as a. func- 
tion of the light saturated rate. Canale Grande, 
Venezia. 1958—1959. ®=high tide, 9=low 
tide. 
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canal into the lagoon. They were made both during high tide and low tide. 
The experiments described before were all done in the laboratory. Complete 
curves of the rate of photosynthesis as a function of light intensity could 
therefore be made. The measurements in Canale Grande were made by pro- 
fessor A. Vatova, Venezia. Surface water was placed at three depths (0.2, 1.0, 
and 2.0 m) for 2 hours either during a period shortly before or after noon. 
The rate of photosynthesis found in the bottle giving the highest rate was 
considered to be light saturated. Sometimes the rate was probably a little 
lower. The fact that the duration of the experiment was only 2 hours caused 
the dark fixation (in percentage of light fixation) to be somewhat higher in 
the experiments from Venezia as compared to the measurements from the 
Sound and for the Atlantic where the experimental time was four hours; 
cf. Figure 1. 

The rate of primary production is rather high in Canale Grande, especially 
if the rate is given per volume of water. During low tide when the water is 
running out from the city, the rate of photosynthesis is generally highest. 
The high rate is a consequence of the pollution by sewage. The number of 
bacteria is consequently also high. Therefore we have to expect a somewhat 
increased dark fixation in percentage of light fixation. This is to some extent 
also the case according to Figure 4 even if we take the increase which is 
due to the deviating method used into account; cf. above. Whereas in the 
Sound and in the Atlantic at a rate of light saturated photosynthesis of 
5 mg. C/m?./hour the percentage of dark fixation is at the minimum (cf. 
Figures 2 and 3) it is about 4 on the average according to the measurements 
from Canale Grande. During the middle of the winter, when the rate of 
photosynthesis was extremely low in Venezia, a dark fixation percentage of 
up to 25.7 was found. During most of the year the rate of dark fixation due 
to bacteria is of only slight importance in a water of the present kind. How- 
ever, it would of course be possible to find an area where the rate of pollu- 
tion is so high that the dark fixation by the bacteria generally would exceed 
even the rate of light fixation by the algae. 


3. Dark Fixation Not Due to Autotrophic Algae 


In water collected in Nature a part of the dark fixation will always be due 
to bacteria and other heterotrophic organisms. Ordinarily this part seems 
to be rather low if we exclude polluted water as in Canale Grande (Figure 4), 
or very unproductive water; cf. Figures 2 and 3. 

The full drawn curve in Figure 5 presents relative dark fixation as a 
function of time in a mixture of marine bacteria grown on agar. The bac- 
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Figure 5. Dark fixation of ‘4C (relative) as a func- 
tion of time. 
B=bacteria, C=Chlorella pyrenoidosa. 
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teria were suspended in filtered sea water. The only organic matter supplied 
to the water besides the natural sources was that in the small amounts of 
agar added together with the bacteria. 

The first part of the curve resembles corresponding curves for autotrophic 
algae. The dashed line in Figure 5 presents simultaneous experiments with 
Chlorella. The initial slope of the curve is drawn in such a way that it is 
identical with that for the bacteria. However, at experimental times above 
2 hours the curve for the bacteria starts to ascend again instead of reaching 
a saturation plateau. This is of course due to the rapid growth of the bacteria. 
The sizes of the reservoirs of organic substances in the bacteria capable of 
interchanging CO; with the outside increase due to the growth. 

It is a well known fact (ZoBell and Andersson 1936) that a huge growth 
of bacteria starts as soon as sea water is enclosed in bottles. Jones, Thomas 
and Haxo 1958 determined the growth of bacteria in such bottles for 37 
hours. Whereas after four hours the number of bacteria had increased only 
by a factor of about 2, after 24 hours it had increased by a factor of nearly 
500. The rate of dark fixation increases in the same time to about 50 per 
cent of the fixation in light according to a 24 hours experiment by the 
authors. When measuring primary production an experimental time of 24 
hours — such as used by some workers — therefore must be considered quite 
unacceptable. In very productive water, however, the present complication 
is of less importance. According to other complications — settling of the 
plankton in the bottles for example — such a prolonged experimental time 
should also be avoided here; cf. also Steemann Nielsen, 1958 a, p. 43. 

A storage of the water samples before starting an experiment has the same 
effect as a long duration of the experiments. Doty 1958, Table XII has shown 
that the rate of dark fixation in the Pacific is 37 per cent of the rate in light 
if the water samples were stored for 18 hours before starting experiments of 
four hours duration (about 5 °/o, if the bottles are stored for only a short 
time). 
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4. Radioactivity of the Filters Not Due to CO: 
Fixation in Organic Matter 


When measuring the radiation from isotopes used in experiments it is 
necessary separately to measure the background radiation and subtract. 
Clean filters mounted in the ordinary filter-holders are employed when 
measuring the background to be used in the carbon-14 technique. However, 
after the filtration of the water samples from an experiment, radioactivity 
may be found on the filters which is not due to either the carbon fixed in 
organic matter during the experiments or to the natural background. If we 
exclude the possibility that radio-isotopes other than ‘CO, are present in 
the ampoules, two other possibilities still exist: 1) carbon-14 found in 
inorganic form on the filters, and 2) contaminant radioisotopes found in 
particles, plankton etc. The latter source is of particular importance in the 
western part of the North Pacific due to the experiments done here with 
atomic bombs. 


The first mentioned source of radioactivity, '*C in inorganic form is easily 
avoided if the filters are treated with HCl before they are counted. In this 
laboratory the filters are placed above concentrated HCl for 15—20 minutes 
followed by drying over CaCl, and soda lime. Experiments have shown that 
this treatment is completely effective. Sucking a volume of 0.001 N HCl 
through the filters subsequent to the ordinary filtration (as done for example 
by Doty 1958) is very likely effective in some cases — but not in all. Currie 
1958 utilized a 0.005 N HCl wash. His dark fixation rates (1—3 per cent of 
the fixation in light) are in agreement with our experiments where a treat- 
ment with concentrated HCl was applied whereas Doty’s dark fixation rates 
are definitely higher. This is probably an indication that 0.001 N HCl is too 
weak to effectively remove all inorganic carbon dioxide in all cases. If no 
or insufficient treatment with HCl is made, small solid particles of car- 
bonates containing #C may be found on the filters. If coccolithophorides 
make up a major part of the plankton, as in the temperate and warmer parts 
of the oceans, radioactivity of this kind may be of considerable importance. 
But even in areas where no coccolithophorides are found, a smaller exchange 
of 1C and !?C may take place during the experiments between CO; in solu- 
tion and CO; in particles of carbonate. Since Jones, Haxo and Thomas 1958 
did not treat their filters with HCl in any form, the very high percentages 
of “dark fixation” found by them must be considered primarily: due to 
this fact. 


Scant attention has been paid to radioactivity in particles not due to the 
14C added. The importance of this complication depends on the volume of 
water used for the experiment, the concentration of “CO: used and the 
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amount of organisms present. By using 60 ml bottles and a rather high con- 
centration of 1CO; as employed during recent years in Danish investigations 
in the North Atlantic, we have not been able to tackle the problems. Com- 
pared with the ordinary background, this kind of radioactivity is very low 
if only 60 ml water is filtered. 

Doty 1958, p. 30 f.f., calls this sort of radioactivity “biological radioactive 
background”. On some of his cruises in the Pacific samples of raw sea water 
were run through a regular AA millipore disc and the radioactivity was 
measured. The results were expressed as counts per liter in excess of back- 
ground. For the central part of the Pacific the biological radioactivity for 
the ordinary 250 ml samples used by Doty would have amounted to only 
10 per cent of the ordinary background. In the western Pacific results were 
found indicating a biological radioactive background as high as the ordinary 
background. The latter is evidently a result of the activity from atomic 
shot tests in this region. 


5. Dark Fixation and Chemosynthesis 


If chemosynthesis is going on in the water it is of course possible to 
measure the rate of such processes by means of the carbon-14 technique. It 
is, however, impossible to distinguish dark fixation due to the Wood-Werk- 
man reaction from chemosynthesis. It would be wrong to call the CO; fixa- 
tion due to the Wood-Werkman reaction chemosynthesis. There is no gain 
in carbon. 

Sorokin 1958 has used the carbon-14 technique for estimating the rate of 
chemosynthesis. In some instances he was obviously measuring real chemo- 
synthesis, for example in a water reservoir at the depth near the boundary 
of oxygen disappearance. However, when he presents values for chemosyn- 
thesis for the sea of Japan and for the Pacific we may conclude that in these 


cases it was simply the dark fixation due to the Wood-Werkman reaction 
which was measured. 


Summary 


It is shown that the rate of dark fixation of #CO; as a percentage of light 
saturated fixation is ordinarily about 1—3 in natural plankton communities, 
if the duration of the experiments is about 4 hours. Higher percentages may 
be found 1) when the water is polluted 2) when the rate of production is 
extremely low, preferably in samples collected at the lower boundary of 
the photic zone. 
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Pitfalls leading to apparently higher dark fixation rates are discussed. 
Dark fixation versus chemosynthesis is discussed. 
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Hansen, M.Sc., who made the field work, and to professor A. Vatova, Venezia, who 
kindly has allowed the use of measurements from Canale Grande. 


References 


Brown, A. H., Fager, E. W. & Gaffron, H.: Kinetics of a Photochemical Intermediate in 
Photosynthesis. Photosynthesis in Plants. A Monograph of the Amer. Soc. Plant Physiol. 
Edited by J. Franck and W. E. Loomis. 1949. 

Currie, R. I.: Some observations on organic production in the North-East Atlantic. — 
Rapp. et Procés-Verb. des Reun. 144: 96. 1958. 

Doty, M. S.: Current Status of Carbon-Fourteen Method of Assaying Productivity of the 
Ocean. M.S. University of Hawaii, Botany Department. 1958. 

Jonasson, Pétur M. & Mathiesen, Hans: Measurements of Primary Production’ in two 
Danish Eutrophic Lakes, Esrom So and Furess. — OIKOS Vol. 10(2): 137. 1959. 
Jones, G. E., Thomas, W. H. & Haxo, F. T.: Preliminary Studies of Bacterial Growth in 
Relation to Dark and Light Fixation of CO: during Productivity Determinations. 
Physical, Chemical, and Biological Oceanographic Observations obtained on Expedition 
Scope in the Eastern Tropical Pacific November—December 1956. Special Scientific 
Report-Fisheries No. 279: 79. United States Department of the Interior Fish and Wild- 

life Service. 1958. 

Sorokin, J. I.: The Results and Prospects of using Carbon-14 for a Study of Organic Matter 
Cycle in Water Basins. Radioisotopes in Scientific Research (Proc. 1. (UNESCO.) 
Intern. Confer.) 4: 633. 1958. 

Steemann Nielsen, E.: The Use of Radioactive Carbon (Cf) for Measuring Organic Pro- 
duction in the Sea. — Journ. du Cons. XVIII: 117. 1952. 

— Experimental Methods for Measuring Organic Production in the Sea. — Rapp. et 
Procés-Verb. des Reun. 144: 38. 1958 a. 

— A Survey of Recent Danish Measurements of the Organic Productivity in the Sea. — 
Rapp. et Procés-Verb. des Reun. 144: 92. 1958 b. 

— & Al Kholy, A. A.: Use of 14C-Technique in Measuring Photosynthesis of Phosphorus 
or Nitrogen Deficient Algae. — Physiol. Plant. 9: 144. 1956. 

— & Aabye Jensen, E.: Primary Oceanic Production. The autotrophic Production of 
Organic Matter in the Ocean. — “Galathea” Rep. 1:49. 1957. 

— & Hansen, V. K.: Light Adaptation in Marine Phytoplankton Populations and its In- 
terrelation with Temperature. — Physiol. Plant. 12: 353. 1959. 

ZoBell, S. E. & Andersson, D. Q.: Observations of the Multiplication of Bacteria in Dif- 
ferent Volumes of Stored Sea Water and the Influence of Oxygen Tension and Solid 
Surfaces. — Biol. Bull. 71: 324. 1936. 


Physiol. Plant., 13, 1960 


PHYSIOLOGIA PLANTARUM, VOL. 13. 1960 


Permeability of the Plasmalemma as Compared 
with that of the Tonoplast 


By 


EvA HAAPALA 


Botanical Institute, University of Helsinki 
(Received March 23, 1960) 


In recent years there has been an increasing tendency to regard the tono- 
plast as the decisive diffusion barrier of the protoplast. The plasmalemma 
has been assumed to be more or less freely permeable, especially to ions 
(Brooks 4, Arisz 1, Epstein 8, Briggs and Robertson 3, Sutcliffe 12). This 
view is, however, based on observations which are far from unequivocal. 

In the following we shall try to elucidate the question of the relative per- 
meability and susceptibility of the two plasma membranes towards sodium 
hydroxide and sodium carbonate. The tests were made on internodal cells 
of Nitellopsis obtusa, staminal hairs of Tradescantia virginiana and T. zeb- 
rina and epidermal cells of Allium cepa var. sanguineum. These cells show 
protoplasmic streaming and either contain anthocyanins or were stained 
with neutral red. 

In these experiments the plasmalemma, or some other layer outside the 
streaming part of the protoplasm, is assumed to be more or less impermeable 
towards sodium hydroxide as long as protoplasmic streaming is going on in 
the cells lying in the strongly alkaline solution. On the other hand, by the 
time the colour of the cell sap changes a considerable amount of NaOH must 
have passed through the whole protoplast, including both plasmalemma and 
tonoplast. The principal object of the experiments was, therefore, to compare 
(a) the time necessary to stop the protoplasmic streaming, irreversibly, with 
(b) the time required for the colour of the vacuole to change either to yellow 
(neutral red) or to blue (anthocyanin). 
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Although the results obtained in this way are admittedly by no means truly 
quantitative, they nevertheless seem to throw some light on the problem under 


consideration. 


Experimental Procedures and Results 


Nitellopsis 


The cells used were on average about 0.5 mm. thick and about 20—60 mm. long. 
They were first stained overnight in a roughly 0.0001 °/o solution of neutral red in 
chlorine-free tap water. In the first experiments the cells were treated with sodium 


Table 1. Penetration times of NaOH through plasmalemma (tı) and whole protoplast 


(tg and ts) of Nitellopsis. 


Bone t, min. 
0.03 89.8 
0.03 52.8 
0.04 111.5 
0.04 43.9 
0.04 46.2 
0.04 64.9 
0.04 69.0 
0.04 79.0 
0.04 89.6 
0.05 19.8 
0.05 28.5 
0.05 36.0 
0.05 75.5 
0.05 26.8 
0.06 ca 117.8 
0.06 31.5 
0.06 17.3 
0.06 17.5 
0.06 18.8 
0.06 5.8 
0.06 46.0 
0.06 16.8 
0.07 10.4 
0.07 10.5 
0.07 15.5 
0.07 13.2 
0.07 8.3 
0.07 27.0 
0.07 44.5 
0.07 67.3 
0.07 27.3 
0.07 36.2 
0.07 23.7 
0.07 52.4 
0.07 15.7 
0.07 10.3 


t, min. 


95.5 
114.0 
49.0 
49.0 
62.0 
66.0 
86.0 
91.0 
21.2 
32.0 
40.5 
72.5 
29.3 
117.8 
35.0 
19.3 
19.7 
23.8 
6.8 
20.2 
12.8 
11.5 
17.3 
15.0 
9.0 
31.5 
46.3 
67.7 
29.3 
36.8 
26.0 
54.8 
18.3 
10.8 


t, min. 


98.0 
59.0 
(131) 
56.0 
51.3 
71.0 
70.5 
90.0 
92.5 
22.8 
35.8 
41.5 
84.3 
33:3 
122.8 
41.0 
21.0 
22.0 

ca 25.0 
8.3 

50.0 
22.0 
13.1 
12.2 
17.0 
10.3 
36.8 
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hydroxide solution in a Petri dish from which they were removed from time to time 
for microscopic inspection. In the later experiments, however, continuos observa- 
tions were made on a cell lying in the alkaline solution in a chamber made from 
perspex, with a volume of about 360 mm?. In moving the cell, the forceps were 
only allowed to touch the short stump left from an adjoining cell. 


When a stained Nitellopsis cell was put into a 0.03—0.07 N NaOH solution the 
protoplasmic streaming stopped or slowed down within 1—2 minutes to a velocity 
less than one-fourth the original. The cells recovered during the following 10—-15 
minutes, however, so that, while still lying in the sodium hydroxide solution, they 
showed protoplasmic streaming, although this rarely reached the original speed. 
Later the streaming slowed down again to cease altogether or stopped abruptly. 
This cessation was final. It was found that streaming could still go on in some 
region of the protoplast when it had already stopped in others. In this publication 
t, refers to the time from the beginning of the experiment, i.e. the moment when 
the cell comes in contact with the solution, to the latest instant at which either 
general or local streaming was still noted. However, when stoppage was more or 
less sudden t; signifies the time from the beginning until the time when final cessa- 
tion of the streaming was first observed. The true ceasing time naturally lies between 
the two. 


The change of colour in the Nitellopsis cell was very distinct. It first became 
noticeable either at one single spot or simultaneously at two or more spots. In the 
following t, signifies the time from the moment the cell is put in the alkaline solu- 
tion to the appearance of the first yellow spot. The time until the whole sap has turned 
yellow is designated ts. The time t; was not as sharply definable as tp owing to the 
fact that in some cases there were “strongholds” which only slowly changed colour, 
if at all. 


Tradescantia virginiana 


The cells of the staminal hairs show good protoplasmic streaming and their 
vacuoles are a more or less intense purple. The chain of cells is protected by a 
cutinized layer which prevents the direct entrance of the solutes when a staminal 
hair is put in a sodium hydroxide or sodium carbonate solution. The penetration 
of the base started from a purposely cut or damaged cell. When the solutions used 
were not too strong the process could be watched as it advanced from cell to cell 
or even within a cell from one end to the other. When the streaming ceased, the 
cell sap quickly changed colour through blue and bluish green to green. Streaming 
was still observed even when the vacuole already had a bluish tinge (cf. Kaho 10). 
The observation of the colour change was facilitated by the numerous cell chains 
always available for comparison. The times t,, tp and tz were noted as in Nitellopsis. 
In reality the times to be determined are somewhat shorter than those noted because 
ty, te, and t; in this case mark the times counted from the moment the hair is put 
into the alkaline solution. However, owing to the presence of the cuticle, this moment 
is not identical (except for the first cell in a chain) with the instant the protoplast 
comes in contact with the solution, i.e. the beginning of the experiment for the 
individual protoplast. When the concentration of the base in a cell was such that 
the streaming stopped, it could be assumed that the next protoplast of the hair had 
come in contact with the alkaline solution. Thus, when times of more than one 
cell of a hair were used, the time t, of the preceding cell in the chain was taken 
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Table 2. Penetration times of NaOH and Na2CO3 through plasmalemma (tı) and whole 
protoplast (te and ts) of staminal hair cells of Tradescantia virginiana. Bracketted values 
refer to successive cells of the same hair. 

m u u Be ee EEE EEE 


Date BE t, min. | t, min. t, min. tat; t,:t, 
fe 
25. 3. 0.06 2.8 3.2 1.15 

25. 3. 0.06 11.0 11.3 11.8 1.03 

25. 3. 0.06 18.9 19.3 1.02 
20. 5. 0.05 4.1 4.4 4.7 1.08 

20. 5. 0.05 5.8 5.8 6.3 1.00 

20. 5. 0.05 9.8 9.8 1.00 

11. 5. 0.04 18.0 19.0 1.05 

24. 3. 0.04 12.0 12.0 1.00 
24. 9.1 0.04 1.00 

Na,CO, conc. 

29. 9.2 0.6 9 13 1.44 

29. 9.3 0.5 30 36 45 1.20 

5.10.4 0.4 25.5 36 46 1.41 

19.10. 0.3 ca 9.0 9 1.00 

19.10. 0.3 23.7 21.2 28.8 } 

19.10. 0.3 31.2 31.8 39.0 (1.09) 1.02 

16.10. 0.3 25.2 19.3 30.0 

16.10. 0.3 12.4 9.3 23.3 

13.10. 0.3 12.3 13.3 33 1.08 

13.10. 0.3 34.5 35.8 61 (1.06) ul 

13.10. 0.3 52.3 56.2 78 122)21:07 

13.10. 0.3 15.5 22.0 1.46 


1 Streaming stopped when vacuole was green. 
2 Cell plasmolyzed after 5 minutes. 

3 Cell deformed after 17 minutes. 

4 Cell plasmolyzed after 21 minutes. 


as the beginning of the experiment for a cell. The figures in parenthesis in Table 2 
were calculated in this way. 

In 0.6—0.4 N solutions sodium carbonate caused plasmolysis, changes in the 
cuticle and other deformations. In spite of this the streaming in the protoplast 
continued and could be followed as in other experiments until it ceased and the 
colour changed in the cell sap. Thus, although the alkaline solution exerted quite 
a violent influence upon the cell in general, the protoplast seemed to continue its 
life well protected from the outer solution. 


For the results see- Table 2. 


Tradescantia zebrina 


The staminal hairs are very suitable for these experiments. The cell sap is more 
reddish than purple and the protoplasmic streaming is very distinct. The experi- 
ments were carried out in the same way as with Tradescantia virginiana. When 
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Table 3. Penetration times of NaOH through plasmalemma (t;) and whole protoplast 
(t and ts) of staminal hair cells of Tradescantia zebrina. Bracketted values refer to suc- 


cessive cells of the same hair. For calculation of t2 :tı, see text. 
Se DS u ne an nn un ©. 


Date pi ae t, min. t, min. t, min. Lit 
19.5. 0.05 4.8 5.3 7.0 1.10 
19.5. 0.05 7.7 8.0 = 1.12 
19.5. 0.05 9.5 = = = 

19.5. 0.05 13.6 14.7 15.7 1.26 
19.5. 0.05 19.7 20.2 20.5 1.08 
19.5. 0.05 28.8 30.0 ast 
19.5. 0.05 36.5 37.5 1.13 
19.5. 0.05 4.9 5.6 1.13 
19.5. 0.05 16.3 16.9 ts: 
19.5. 0.05 | 26.8 27.8 1.10 


time values of more than one cell of the same hair were noted, the ratio ty: t,; was 
calculated, using t; of the preceding cell as the starting point of the experiment. 
For the results see Table 3. 


Allium cepa var. sanguineum 


Cells of the upper epidermis of the coloured bulb scales were used. The epidermis 
is easily detachable and a small piece containing suitably coloured cells was placed 
in the sodium hydroxide or carbonate solution. Sometimes the tissue was first 
looked over in tap water in order to find a good cell for the experiment before it 
was moved to the alkaline solution. Sometimes the tissue was placed in contact with 
the base directly. Especially in the later experiments the cell to be studied was 
chosen from the cell rows not far from a cut edge. Thus the time required for the 
cell to come in contact with the alkaline solution was shortened and the secondary 
(metabolic, respiratory, etc.) influences of the surrounding cells both upon the cell 
itself and upon the solution were lessened. 

The visibility for observing both t, and t, was good in the tissue. When sodium 
carbonate was used, the experiments were complicated by plasmolytic incidents. In 
cases of “Tonoplastenplasmolyse” (1 N NaCO3) the sap showed a whole colour 
range from red through purplish and different greens to yellow. 

For results see Table 4. 


Table 4. Penetration times of NaOH through plasmalemma (t;) and whole protoplast 
(te and ts) of epidermal cells of Allium. 


Date egies t, min. t, min. t, min. Lt: 
26.10. 0.05 29.5 36 1.22 
2.11. 0.05 7 10.5 16 1.50 
2.11. 0.05 14.5 20 24 1.38 
2.11. 0.05 11.5 15.5 24 1.34 
2.11. 0.05 12 13.5 19 1.12 
9.11. 0.05 5 6 7 1.20 
9.11. 0.05 23 23.5 35.5 1.02 
9.11. 0.05 35.5 36.5 47 1.08 


Physiol. Plant., 13, 1960 


PERMEABILITY OF PLASMALEMMA AND TONOPLAST 363 
Discussion 


If the plasmalemma and the tonoplast were, in their normal state, prac- 
tically impermeable to sodium hydroxide and equally resistant towards the 
deleterious effects of the base so that it would take as long a time to break 
through the tonoplast as through the plasmalemma, then the ratio ta : t; (or 
ts :t;) would be expected to have a value not far from 2. On the other hand, 
if the permeability of the plasmalemma towards ions were, as is often 
assumed, much greater than that of the tonoplast, then the ratio should be 
considerably greater than 2. 


Neither of these presumptions were found to correspond to reality. As seen 
from Table 1 in Nitellopsis the ratio t: :tı varies only between 1.00 and 1.26, 
while the ratio ts :tı varies between 1.02 and 1.45. As seen from Table 2, in 
Tradescantia virginiana the value of tg:t,; is almost or very close to 1. 
Tradescantia zebrina again has values for t3:t; from 1.04 to 1.26. Three 
experiments with the root hairs of Trianea bogotensis gave ratio values of 
1.25, 1.12 (0.03 N NaOH) and 1.08 (0.02 N NaOH). In the Nitellopsis experi- 
ments tg—t; varied only between 1 and 7 minutes in spite of t; varying be- 
tween 5.8 and 111 minutes. When NaOH was used in the Tradescantia experi- 
ments the difference between tz and t; seemed almost negligible and, because 
of the quick succession, numerous observations were not even recorded. In 
the Allium cells there was a more distinct resistance of the tonoplast. 


All these observations seem to indicate that the plasmalemma, or some 
other outer layer, is relatively impermeable towards NaOH and has a fairly 
high resistance towards the effects of the base, but that once the sodium 
hydroxide has undermined this resistance the base does not need much time 
to get through the mesoplasm and tonoplast into the cell sap. In other words, 
in the experiments with Nitellopsis, Tradescantia and Allium the tonoplast 
seems to be either more permeable than the plasmalemma to sodium 
hydroxide or, perhaps more probably, more susceptible to the disorganizing 
effects of it. 


There is, however, the theoretical possibility that sodium hydroxide penctrates 
continuously, although rather slowly, through the plasmalemma into the mesoplasm 
and that when a certain critical concentration has been reached, the streaming 
ceases. In order to check this possibility several experiments were carried out in 
which the alkaline solution in which a Nitellopsis cell had been kept was titrated 
with 0.1 N hydrochloric acid, methyl orange being used as indicator. The results 
showed that as long as no colour change in the sap had occurred the NaOH con- 
centration of the outer solution remained virtually unchanged. Even when one 
yellow spot had just appeared in the red stained sap the base concentration of the 
bathing solution was still almost unaltered, but by the time the colour of the whole 
sap had changed, there was always a distinct reduction of the NaOH concentration. 
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These statements agree perfectly with the assumption that, in its normal state, the 
plasmalemma is practically impermeable to NaOH. On the other hand, taking into 
consideration the small volume of the mesoplasm of a Nitellopsis cell (approx. 
1.3 mm?) as compared with the volume of the surrounding NaOH solution in the 
titration experiments (approx. 350 mm?) too much stress should not be laid upon 
the titration results. 


It.might also be thought that the tonoplast is an integral part of the proto- 
plast so that the destruction of the mesoplasm by NaOH would automatically 
cause fatal damage to the tonoplast. However, there are many observations 
indicating that the tonoplast retains its semipermeability even when the 
mesoplasm is destroyed (Bancher and Hôfler 2, p. 92). 

The possibility exists that the outer surface of the plasma membranes is 
more resistant than the inner one, the one towards the mesoplasm. This 
could explain the observation made in the experiments just reported that the 
tonoplast was destroyed quicker than the plasmalemma. 

Thus the present investigation does not give any final answer to the ques- 
tion of the impermeability of the plasmalemma as compared with that of 
the tonoplast. But in any case it is clear that our observations lend no support 
to the view that the plasmalemma of plant cells is relatively permeable to 
ions — in fact they contradict it rather decidedly. Nor can any support be 
deduced from the experiments carried out for the idea that the plasmalemma 
is less resistant than the tonoplast in the plants studied. The statements by 
Cholnoky (5) to the contrary do not seem to rest on an adequate basis. Our 
results seem, rather, to agree in a general way with those of Hôfler (9) and 
Url (13) and also with those of Diannelidis and Mitrakos (7), even if the 
last-mentioned did not aim at any comparison of the resistance of the two 
membranes. No very sharp disagreement exists between our results and those 
of MacRobbie and Dainty (11) or Diamond and Solomen (6), as they observed 
the existence of a considerable diffusion barrier at both the outside and the 
inside of the cytoplasm even if thfey stress the importance of the inner mem- 
brane more strongly than that of the outer one. | 


Summary 


1. When placed in 0.03—0.07 N sodium hydroxide solutions cells of Nitel- 
lopsis, Tradescantia and Allium remain alive for a considerable time (Nitel- 
lo”-*s cells for about 10—100 minutes), as is seen from the continued 
streaming of their protoplasm. 

2. When fatal damage has been caused to that part of the mesoplasm 
where streaming takes place, sodium hydroxide is seen to enter the cell sap 
in à few minutes or even in less than a minute. 
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3. From these observations it is concluded that the plasmalemma of these 


cells is more impermeable and/or more resistant towards sodium hydroxide 
than is the tonoplast. 


The author is indebted to Prof. R. Collander for invaluable suggestions, help and 


criticism. 
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Introduction 


In a series of investigations on the active and passive uptake of sulphate 
into green tissues two earlier papers (Kylin 1960 a, b) have been concerned 
with sulphate accumulation under different conditions, showing that the 
mechanism active in darkness and dependent upon the mitochondria is in- 
hibited by light and replaced by one involving the chloroplasts. Working with a 
metabolically active ion, it is of course necessary to study also the incorpora- 
tion into organic fractions in order to evaluate the results properly. The 
experiments presented here were thus to a large extent conceived with this 
purpose in mind, but at the same time they present evidence that light 
increases the amount of sulphate-sulphur incorporated into the proteins and 
that this sulphate is in the first instance derived from the nutrient solution 
and not from the vacuoles. The results also indicate that inhibitors as well 
as varying concentrations of external sulphate act differently on the accu- 
mulation of sulphate and the formation of sulphur-containing proteins, 
whereas the osmotic conditions have about the same effect on both processes. 
The mechanisms of sulphate reduction and uptake of metabolically active 
ions will be discussed in relation to these findings. 


The following abbreviations will be used: DNP=2,4-dinitrophenol; ext. sol.= 
external solution; fr. w.=fresh weight; init.=initial; mann. =mannitol; prot.=pro- 
tein; sol. org.=soluble organic. 
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Materials and Methods 


Crassula argentea, Vallisneria gigantea, the Eroica wheat variety and the mutant 
barley strain “Bonus, treatment X; — 49”, were used for the experiments. The 
treatment of the plants and the experimental conditions have in the main been 
described in an earlier paper of this series (Kylin 1960 a). In the cases where the 
present experimental solutions contained less sulphate than the pretreatment liquids, 
the difference was made up for with MgCb. It should be noted that when uptake 
by Crassula from 0.005 mM sulphate is studied, the contribution of sulphate from 
a free space equilibrated with an 0.5 mM pretreatment solution could involve serious 
errors. In order to avoid this an extra pretreatment period of 4 hours with the low 
concentration but without radioactivity was inserted. As for the contribution from 
the “carrier free” radio-sulphate, in the present conditions its maximum value 
according to the specifications of the manufacturer is 5:1075 mM, which should 
be without significance. 

Also the method of fractionation and the analytical procedure have been already 
described (Kylin 1953, 1960 a). The fractions determined are sulphate, soluble 
organic, and protein sulphur, of which the sulphate and protein ones have been 
assayed directly and the soluble organic obtained as the difference between total 
soluble and sulphate sulphur. The G.M. apparatus was as a rule preset at a total 
of 3000 or 4000 counts during the determinations of radioactivity, giving a standard 
deviation corresponding to between 2.0 and 1.5 per cent; since from a chemical 
point of view this is the main uncertainty involved, the corresponding sulphur 
amounts given in the tables have been expressed with three figures when the first 
digit is one and with two figures in other cases, noting that protein S is never 
given with more than one decimal more than sulphate. — The soluble organic 
S values are of necessity rather uncertain, representing in most cases a small dif- 
ference between two large numbers, and they will in general not be used in the 
discussions, although on the whole they show the same trends as the protein S 
figures. It should be noted that in this paper the soluble organic fraction includes 
the sulphur both of amino acids and of soluble (“vacuolar”), alcohol-precipitable 
proteins; since the S contents of the latter are usually insignificant (Steward et al. 
1951, Kylin 1953), they were not analyzed separately. 

The radio-sulphur measurements can be looked upon as giving the total incor- 
poration of sulphate from the external medium to each fraction (cf. Kylin and 
Hylmö 1957). As for sulphate, evidence for this assertion was presented in the 


S* CONTENTS ymol/g FR.W 


Figure 1. Effect of prolonged washing upon total 0.8 
radio-sulphur contents of Crassula leaf pieces with 
0.005 mM sulphate in experimental and washing solu- 
tions. Empty columns: light. Filled columns: dark- 
ness. Uptake period 4 hours; washing time 4 hours 
(left column of each pair) and 20 hours (right 
column of each pair) respectively. 


0.4 


CONTROL DNP KCN Se Oe : 
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control experiments of earlier papers (Kylin 1960 a, b) and is completed by Figure 1, 
which shows that also at the lowest concentration of external sulphate in use there 
are no serious losses of actively incorporated radio-sulphur — consisting chiefly 
of sulphate — during the experimental period. The data of Tables 2—5 further 
reveal that there are no main changes in the contents of S® of the proteins as 
determined immediately after the period in radioactive solutions and after the sub- 
sequent washing, which finding must be taken to mean that the breakdown of 
proteins is slow enough to make the initial statement valid also for this fraction. 
Only treatment of Crassula with mannitol in darkness seems to constitute an excep- 
tion (Table 2), which may perhaps be correlated with a general lack of high energy 
phosphates during these conditions (cf. Kylin 1960 b). — In the case of Vallisneria 
there is probably some incorporation of radio-sulphur from the free space sulphate 
into the proteins during the washing procedure when no inhibitor is added, especially 
in the light (Table 3). 


Experiments 


As a general background some gravimetric data on the composition of the 
materials under investigation are presented in Table 1, whereas Tables 2—5 
contain the radio-sulphur data on Crassula, Vallisneria, wheat and barley 
respectively. Evidently the rates of protein-S synthesis as compared with 
those of sulphate accumulation are much lower than would be expected when 
looking on the gravimetric data except in Vallisneria, although on a specific 
activity basis — i.e., radio-sulphur incorporated per time unit/total amount 
of sulphur in the fraction — the incorporation of sulphate into proteins is of 
the same order of magnitude in all the species tested. 

A closer scrutiny of the data indicates that in green tissues illumination 
consistently increases protein synthesis over the values obtained in darkness; 
this effect was not shown in the experiment with albina barley and is thus 
probably due to the action of the chloroplasts. The first-mentioned observa- 
tion. is in accordance with results by Fromageot and Perez-Milan (1956, 
1959) on the action of light in therreduction of sulphate to sulphite in tobacco 
leaves. Also experiments by Doman (1957) on intact bean plants led to 
similar statements, although the effects of transpiration on salt transport at 
the same time gave rise to a higher level of sulphate in the illuminated 


Table 1. The amounts of different sulphur fractions of leaves. Gravimetric analyses 
according to standard methods (Kylin 1953). 


À 


Plant S, pmol/g fresh weighi 
SO,2- | Sol. org. S Prot. S | Total 
Grassulamn STE a3 1.5 Alea 0.9 3.9 
Vallisneria... ......... 41 1.3 3.7 9.1 
Wieck. MR. Ce 2.9 2.1 7.0 12.0 
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Table 2. The incorporation of radio-sulphur from external sulphate into different S-frac- 
tions of isolated leaf pieces of Crassula argentea. À columns: analyses efter 4 hours in 
radioactive solutions. B columns: analyses after washing 4. hours with inactive solutions. 
eee ee ee ee ee 


SO,* in iti 1/100 g init. f j ini 
er Bun re umol/ g init. 2 w. (A) pmol/100 g init. fr. w. (B) 
(mM) SO,2- |Sol. org. s| Prot. S | SO4g- |Sol. org. Ss Prot. S 
Aare Le = 0.56 = 0.069 0.47 = 0.070 
& 0.65 = 0.037 0.60 0.01 0.040 
te br + 4.0 0.1 0.30 3.4 0.3 0.30 
= 5.1 #2 0.21 4.8 0.1 0.22 
= Le = 16.4 0.3 0.73 13.9 0.3 0.61 
= 18.7 = 0.48 137 0.6 0.35 
25 + 21 1 1.4 18.9 — 1.58 
as 1 1.1 19.4 0.2 1.16 
- 29 2 1.9 26 = 2.0 
0.5 | SA ISIS Fa ee 1 1.3 8.9 = 0.71 
4 CE 41 2 2.2 29 1 2.4 
RCE PT 1 1.3 3.3 0.3 0.28 
i + 0.55 0.05 0.136 
— 0.65 0.04 0.042 
DNP3X10-% + 0.50 0.06 0.150 
0.005 + Not determined 0.50 0.02 0.015 
—4 CL . . 
KCN 10 2 0.37 0.03 0.009 
el 0.47 = 0.013 
2 4 
Seo, 10 | _ 0.47 0.01 0.014 
a 0.77 a 0.113 
0.005 
DNP3X10- — 0.36 = 0.071 


leaves than in the darkened ones, which of course made inferences about 
the direct action of light in the sulphate-to-protein reaction open to objection. 
Different aspects of the experiments are illustrated in Tables 6 to 8, which 
have been worked out from the evidence presented above, using the values of 
the (B) columns where there is no disturbing influence of radioactivity 
within the free space. Increasing sulphate concentrations in the nutrient 
solution always lead to a greater increase of sulphate accumulation than of 
protein-S synthesis (Table 6), whereas changing osmotic conditions have no 
definite influence in this respect (Tabte 7). As for the effects of DNP, KCN, 
and selenate (Table 8) on accumulation, they corroborate earlier inferences 
about different mechanisms for energy delivery in light and darkness (Kylin 
1960 a; the Vallisneria values were used already there), but no immediate 
conclusions can be drawn about the occurrence of similar events during the 
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Table 3. The incorporation of radio-sulphur from external sulphate into different S-fractions 

of isolated leaf pieces of Vallisneria gigantea. A columns: analyses after 3 (first six 

lines 4) hours in radioactive solutions. B columns: analyses after washing 1 hour with 
inactive solutions. 


SO Sin Kaditions I; umol/100 g fr. w. (A) umol/100 g fr. w. (B) 
ext. sol. M Light —— — = = 
(mM) SO4- |Sol. org. S| Prot. S | SO4- |Sol. org. S| Prot. S 
+ | 1.60 0.50 1.12 1.07 0.47 1.26 
0.05 | a 2 1.46 0.27 0.58 1.09 0.15 0.54 
à Al ht 0.8 1.79 2.4 0.9 1.68 
= EN er 0.3 0.74 28 0.4 0.72 
tebe eile 0.51 0.90 - 0.92 0.39 0.78 
0.05 | Mann. 0.3 | _ | 1.24 0.28 0.37 1.26 0.24 0.45 
2 ar 1.93 0.60 1.38 1.38 0.68 1.70 
| ZN 3134 0.17 0.74 0.86 0.31 | 0.87 
; TAPIE es 0.42 0.88 0.84 0.36 0.86 
223 | DNB a 653 0.26 | 0.72 0.58 0.23 | 0.72 
, | + | 0.72 0.16 0.31 0.31 0.17 | 0.31 
DNP 10% | _ | 094 0.17 0.31 0.27 0.08 | 0.24 
P NET 0.31 0.58 1.22 0.27 0.78 
Ti 0.12 0.36 1.06 0.14 0.35 
a NON de 0.16 0.192 1.23 0.15 0.28 
5 
0.05 | KCN 10 san NL 16 0.07 0.171 0.97 0.09 0.198 
: + | 1.02 0.06 0.053 0.85 0.08 0.095 
4 1 
KCN 10 al 020.80 0.03 0.045 0.49 0.03 0.032 
+. eh 4.15 0.30 0.63 0.81 0.22 0.66 
EU ETS 0.21 0.53 0.95 0.24 0.54 
ane es eer yy 0.08 0.156 0.54 0.05 0.181 
OL ID ER EEE as 0.06 = 0.65 0.03 0.169 
ae ei 0.05 a 0.28 0.04 0.104 
Se0 10° | _ | 068 0.02 0.097 0.31 0.02 0.078 


Table 4. The incorporation of radio-sulphur from external sulphate into different S-frac- 
tions of isolated leaf pieces of wheat. A columns: analyses after 4 hours in radioactive 
solutions. B columns: analyses after washing 4 hours with inactive solutions. 


#mol/100 g fr. w. (A) 


ext. sol (M) Licht eee ee 
(mM) SO4- |Sol. org. S| Prot. S | SO4- |Sol. org. S| Prot. S 
east Er 7.6 0.7 1.13 6.5 0.8 1.22 
\ 7.4 0.6 0.94 5.2 0.2 0.81 
+ 35 3 3.3 28 2 3.2 
= 36 2 2.6 29 mee 2.6 
ER a 51 an 4.6 39 4 4.3 
a Oe je vee 1 2.3 36 3 2.5 
peal ese oc 19.0 1.8 2.4 11.5 2.1 2.6 
= 15.8 1.4 1.53 8.8 0.4 1.36 
Re oe 32 = 2.2 24 1 18h 
— | 21 = 1.4 17.2 = 1.3563 
Ss O 2- 10-3 + 26 = 1.3 133 — 
ook _ 22 1 1.1 = on be: 
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Table 5. The incorporation of radio-sulphur from external sulphate into different S-frac- 
tions of isolated leaf pieces of green and albina barley. Uptake time 4 hours, washing time 
1.5 hours. 0.5 mM sulphate in the nutrient solution. 


1/100 g fr. w. 
Leaf colour Light | Lu 
SO48- | sol. org. S Prot. S 
+ | 16.4 0.7 2.1 
Ses = 22 1 1.4 
, + 9.6 0.3 0.64 
AAIDITA cu | 8.6 | 0.58 


Table 6. The influence of the external sulphate concentration upon the relation between 
radio-sulphur incorporation into the sulphate and protein fractions of isolated leaf pieces. 
From tables 2—4, (B) columns. 


SO4?-/Prot. S. 


Light mM SO,4?- 


Crassula | Vallisneria Wheat 


Table 7. The influence of the osmotic conditions upon the relation between radio-sulphur 
incorporation into the sulphate and protein fractions of isolated leaf pieces. From tables 
2—4, (B) columns. 


M SO,2-/Prot. S. 
Light mannitol |, _.... i 2 
Crassula, 0.5 mM SO4?-|Vallisneria, 0.05 mM SO,?-| Wheat 0.5 mM SO, 

0 12.0 0.85 8.8 

+ 0.3 13.0 1.18 9.1 
0.6 12.1 — — 
0 16.7 2.0 11.2 

= 0.3 12.5 2.8 14.4 
0.6 11.8 = - 


synthesis of S-proteins. On the other hand, there are differences in the 
inhibitions of the different processes examined so that on the whole DNP 
is less active on sulphate reduction than on sulphate accumulation — Vallis- 
neria behaving somewhat differently (cf. Kylin 1960 a) — whereas the 
reverse is true for KCN and selenate. The significance of these findings will 


be discussed below. 
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Table 8. The effect of inhibitors upon the incorporation of radio-sulphur into the sulphate 
~ and protein fractions of isolated leaf pieces. From tables 2—4, (B) columns. 


Incorporation, Incorporaligg 
Plant | M inhibitor |Light| % of eontrol| Plant | M inhibitor | Light % of control 
SO42- |Prot. S SO4? |Prot. S 
= 
"1120 i + 61% | 51 
DNP-SSIO Se STs DNP,IO SI Sa 
Crassula 9 11 3 = + 22 18 
| 4 
2 geek 29 10 | Vallis- à : 1 710170788 
u 72 33 |neria KONZ = 92 57 
0.05 mM ‘3 10 M2 
41 81 2- ar, 
| DNP4LOFe] RES GoM KCN 10 Ka I = 
RES s6 | 56 N TR CIE 
2 mM KCN 10-4 ar 59 + 58001051725 68 31 
4 
35 | 16 
SeO 1073 | + | 55 | 31 Seas 100 | UI mil 


As for the differences between the sulphate fraction before and after 
washing, they are certainly reflections of the contents and conditions of the 
free space. They will, however, not be discussed here, since the experiments 
were not intended to give unequivocal information about these questions. 


Discussion 


The data presented in tables 2—5 constitute the foundation for the state- 
ments in earlier papers (Kylin 1960 a, b) that protein synthesis under the 
conditions chosen was too small to be a source of error when the results 
on sulphate uptake obtained with total S analyses were discussed solely in 
terms of ion accumulation with no reference to sulphur metabolism. Only 
in the case of Vallisneria is the protein synthesis of the leaf pieces of the 
same order of magnitude as accumulation, and here a total fractionation 
was carried through in all experiments on active uptake; the opposite con- 
tention possible in this case that all sulphate incorporation should be regarded 
as mediated by a single rate-limiting reaction is met with below by the dis- 
cussion of the effects of varying external concentrations. 

It is wellknown that detached leaves usually show a net decrease of the 
protein fraction (Chibnall 1939), although protein synthesis still takes place 
(Chibnall and Wiltshire 1954). The greater relative capacity for sulphur 
incorporation into the organic fractions found in Vallisneria as compared 


with the other materials can perhaps be explained in these terms, since one 
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may expect the leaves of an aquatic plant to be less dependent upon the root 
system than those of terrestrial species. Preliminary experiments by the 
present author indicate that in intact wheat plants in a nutrient solution 
with 0.5 mM sulphate the synthesis of S-protein in the leaves is of the order 
of 25 per cent of sulphate accumulation as against 10 per cent in the present 
investigation; and that the high content of organic sulphur compounds in 
the wheat leaves is not strictly comparable to the levels shown by the other 
species, since it is to a large extent (> 50 per cent) dependent upon transport 
of endosperm stores in plants of the age used here. These observations should 
tend to support the above picture. — On the other hand, the difference under 
discussion is also related to a rate of sulphate accumulation, which on a 
specific activity (turnover) basis is 6—10 times greater in wheat and Crassula 
than in Vallisneria, whereas such a comparison shows no great difference 
between the rates of protein synthesis (compare Table 1 with 2—4). 

The synthesis of S-protein in green tissues is increased by illumination 
(Tables 2—5) and is strongly inhibited by cyanide both in light and dark- 
ness but comparatively insensitive to DNP (Table 8); in albina tissues no 
marked action of light was observed (Table 5). It has been shown by Kalinke- 
vitch (1959) that sulphate and nitrate decrease the sugar contents of hemp 
in pot experiments as compared with control plants supplied with fertilizers 
of lower oxidation levels, and the present results can of course be taken to 
indicate an increased availability of the necessary carbon skeletons during 
photosynthesis. On the other hand, the effect of light has been noted already 
on the initial reduction of sulphate to sulphite (Fromageot and Perez-Milan 
1956, 1959), and it has also been demonstrated that sulphate can act as an 
electron-acceptor during a Hill type reaction with bacterial chromatophores 
(Ibafiez and Lindstrom 1959). These observations together with the ones 
made here open the possibility of a direct connection between the production 
of reductive power during photosynthesis and sulphate reduction, where one 
of the links might possibly be a heavy-metal enzyme inhibited by cyanide 
and active also during dark (respiratory) reduction. 

The last-mentioned picture conforms to the ideas on nitrate reduction put 
forward by Burstrôm (1943, 1945) and corroborated for instance by van Niel 
et al. (1953) and Stoy (1955). It is also pertinent in this connection that a 
photochemical nitrate reduction was obtained in vitro by Evans and Nason 
(1953) by combining grana and a purified preparation of nitrate-reductase, 
which enzyme is sensitive to heavy-metal inhibitors. There is, however, no 
incompatibility between the two types of explanation given above (Burstrôm 
1945). — The hypothesis of Doman (1957) that the photochemical action on 
the synthesis of organic sulphur compounds may be connected with the 
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turnover of the SH groups of lipoic acid cannot be evaluated on the basis of 
the present experiments. 


It has been shown that the general “activation” of amino acids taking part in 
synthetic processes in the cell is dependent upon high energy phosphates and can 
be brought about by photosynthetically formed adenosinetriphosphate (Bové and 
Raacke 1959). With regard to the comparatively small effect of DNP on S-protein 
synthesis, such reactions and the corresponding activation of sulphate (Lipman 
1958, Young and Maw 1958) do not appear to be rate-limiting in the present material 
and thus cannot explain the action of light here. 


Turning to the question of the source of the sulphate used for organic 
synthesis, there can be no doubt that under the present conditions it is taken 
from the outside solution during the inward passage. It cannot be derived 
to any great extent from the “vacuolar” sulphate pool, since the isotopic 
dilution factor in such a case would mean for instance that 0.0126 umol/g 
of radio-sulphur in the protein fraction of Vallisneria (Table 3, first line) 
should account for more than the total 4.1 umol/g of sulphate available in 
the tissue; a thing which is obviously quite unreasonable. In the case of 
Crassula and wheat the corresponding figures are of the order of 0.15 and 
0.4 umol/g respectively, which also corresponds to turnover figures of quite 
another magnitude than those revealed by the Tables (2) to (4). Similar 
findings for phosphate incorporation into organic fractions have been reported 
by Loughman and Russel (1957), Miettinen and Savioja (1958) and Ts’o and 
Sato (1959). 

Varying the external sulphate concentration (Table 6) and adding dif- 
ferent inhibitors (Table 8) give different effects on the accumulation of 
sulphate and on the synthesis of S-protein. Assuming normal kinetic rules 
to be applicable, especially the external sulphate concentration should not 
have any effect on the proportion of radioactivity found within the different 
fractions if a rate-limiting active uptake mechanism functions as a common 
first reaction. In regard to the preceding paragraph, one is then left with 
only the possibilities that each of the two types of sulphur incorporation 
under discussion takes place directly from the sulphate of the free space 
— which should mediate the passage from the external solution (Kylin and 
Hylmö 1957) — or that a common first step of active uptake is not rate- 
limiting. Both these possibilities should on kinetic analysis be equivalent to 
the presence of different sites for active sulphate uptake, and as a matter of 
fact this is indicated by the data of Leggett and Epstein (1956, figure 4), 
although these workers were mainly interested in the process active at low 
external concentrations (loc. cit., figure 2). — Evidence for the presence of 
more than one carrier site for the absorption of cations has been presented 
by several authors as reviewed by Burström (1958, 1959). 
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The experimental values show that phosphorylation is of importance for 
the sulphate accumulation proper (Table 8, cf. Kylin 1960 a). On biochemical 
grounds the same thing should be expected for S-protein synthesis, since 
adenosine-3’-phosphate-5’-phosphosulphate is known to mediate sulphate-S 
incorporation into organic compounds (Lipman 1958, Young and Maw 1958); 
preliminary investigations by Schiff (1959) indicate that it is probably pre- 
sent during the uptake of radio-sulphate by Chlorella. One must then con- 
clude, however, either that the synthesis of organic S compounds is not rate- 
limited by phosphorylation or that it is to some extent protected from the 
consequences of DNP inhibition at least in wheat and Crassula (Table 8). 
Accepting this as working hypotheses several possibilities can be visualized 
regarding the relationships between the different reactions under discussion. 

(A). Stenlid (1959) tentatively envisages phosphate accumulation as a 
branch of the mechanism leading also to organic phosphorus compounds. 
One can follow him and think of a phosphorylative mechanism leading to 
both sulphate accumulation and synthesis of organic S-compounds and ful- 
filling the condition above that the rate is not limited by the common initial 
step(s). 

(B). Miettinen and Savioja (1958) state that different phosphorus-con- 
taining substances incorporate phosphate independently of each other, i.e., 
by separate pathways. Applying this picture one can imagine totally separate 
pathways — chemical or cytological — dependent upon high-energy phos- 
phates and leading to accumulation and reduction respectively. 

(C). From the point of view of energy delivery it has been concluded 
(Kylin 1960 a) that the accumulation mechanism dependent upon phos- 
phorylation cannot without additional hypotheses be used to explain all 
data available, so that possibly a salt respiration mechanism dependent upon 
the cytochromes is also active. Using this approach the former and related 
processes should be relatively more active at low sulphate concentrations in 
the medium, where sulphur incorporation into the proteins is comparatively 
high, and accumulation due to salt respiration should increase at high 
medium concentrations. — It is of course not necessary that the possible 
sulphate-reducing enzyme inhibited by cyanide more strongly than ion accu- 
mulation (cf. page 373) is identical with the cytochromes; as a matter of 
fact the functionally analogous nitrate-reductase of Evans and Nason (1953) 
is instead of the flavo-protein type. 

Obviously the above hypotheses are not incompatible and different com- 
binations of them are alse possible. It should be noted that (A) and (B) are 
not working exactly on the same level as (C), since they are not concerned 
with different types of energy delivery but rather with different types of 
carrier systems receiving their energy according to the same principle. It is 
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difficult to evaluate what this difference can mean in practice, since the 
loose concept of carrier used in kinetic studies (c/. Fried and Noggle 1958) 
can probably cover both phenomena. Also, Conway and Beary (1958) have 
contended that the same carrier system receives energy from different sources 
dependent upon the ion transported. 

The results obtained here should also be discussed in relation to the 
observations of Arisz (1958), which to the knowledge of the present author 
are the most extensive ones published earlier on the action of inhibitors on 
ion uptake in green tissues of higher plants. Arisz noted that the accumula- 
tion of chloride in the vacuoles of Vallisneria spiralis was inhibited by DNP, 
which, however, did not affect long-distance transport. Cyanide, on the 
other hand, inhibited the latter process, although in young leaves vacuolar 
accumulation was not very much affected. As a consequence two different 
mechanisms of absorption working on different levels of the cytoplasm were 
inferred. In the present material “vacuolar” accumulation of sulphate is on 
the whole more sensitive to DNP than the uptake leading to the synthesis 
of S-protein, whereas cyanide acts in the reverse sense. The parallelism 
between the two sets of observations is obvious, but, on the other hand, the 
significance of this is unclear, since the cyanide effect in the present case 
may be connected with sulphate reduction rather than with sulphate incor- 
poration per se, which should reasonably be a phosphorylative process when 
leading to the production of organic S compounds. — It should be noted 
that the direct application of Arisz’ scheme for anion accumulation (loc. 
cit., figure 31) would demand that in the present case sulphate accumulation 
and S-protein synthesis have an active (metabolic) first step in common, 
but this point cannot be evaluated, since in any case such a step is not rate- 
limiting here. 

Concluding the discussion, the author should like to call attention to the 
fact that there are several points of view from which different mechanisms 
for active ion uptake can and have been discussed. There is first the question 
of whether the necessary energy is received from respiration or, in green 
tissues, from processes connected with photosynthesis and, secondly, whether 
this energy is mediated as high energy phosphates or via the direct action 
of redox (cytochrome) systems. Moreover, there is also the question of dif- 
ferent carriers, i.e., of the specific biochemical systems involved in the uptake 
proper. On the whole earlier papers (Kylin 1960 a, b) were mainly con- 
cerned with the first-mentioned questions in sulphate uptake, whereas 
material concerning the last-mentioned one is chiefly presented here. It is 
evident that neither of these points of view can be discussed without due 
attention to the others, but whichever approach is chosen one arrives at the 
picture of several processes as the best working hypothesis instead of a single 
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mechanism for ion incorporation. In stating this, it should be noted that 
only to a minor extent has the metabolism of sulphate been allowed to enter 
the experiments as a complicating factor, so that especially the results on the 
energy relationships may be of a more general significance. 

The results of the three papers on active uptake of sulphate to green tissues 
are schematically summarized below. The existence of a direct action of 
redox systems (left) is not as well substantiated experimentally as the phos- 
phorylative pathway of accumulation (middle), but rather regarded as the 
best working hypothesis among other possibilities (Kylin 1960 a). The path- 
way leading to synthesis of organic S compounds (right) may further be of 
a rather complex nature as discussed in the present paper. — It should be 
stressed that the experimental technique has “isolated” the uptake side of 
the sulphur movements, and therefore no arrows in the reverse direction are 
included, although as a matter of course such movements, too, must be 
supposed to occur. 


free space sulphate first step not rate-limiting 
if common with accumu- 
lation; phosphorylation 
probable on general bio- 
chemical grounds, but the 
effect of DNP compara- 


tively small 


valency «—photosynthetic energy —— 

pect inhibits the delivery or phosphorylative 

redox (cyto- production of pathway 

chrome) 

systems <—respiratory energy synthesis of organic S 
compounds; reductive po- 
wer and carbon chains 
can be received from both 

+ photosynthesis and respi- 
=a > accumulation ration 
Summary 


The incorporation of radio-sulphate into the sulphate, soluble organic S 
and protein S fractions has been studied in isolated leaf pieces. Illumination 
increases the uptake to proteins in green but not in albina tissues. DNP in- 
hibits accumulation more than organic-S synthesis in Crassula and wheat 
and to the same extent in Vallisneria, whereas cyanide and selenate in all 
cases inhibit incorporation into proteins more than accumulation. Increasing 
the external concentrations of sulphate increases ion accumulation more than 
the synthesis of organic S compounds but increasing the osmotic values does 
not influence this relation. — It is pointed out that the sulphur incorporated 
into proteins is derived from the external solution and not from the vacuolar 
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sulphate and that the sulphate reduction may be coupled directly to photo- 
synthesis. The possibility of several uptake pathways for sulphate is dis- 
cussed; since the rate-limiting steps must be different for accumulation and 


S-protein synthesis. 


The author is deeply indebted to his teachers and colleagues for their help and 
interest, and to be University of Lund and the Lund Botanical Society for research 


grants. 
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Previous studies (Smith and Benitez 1954) have shown the rate of the 
photochemical conversion of protochlorophyll to chlorophyll-a in etiolated 
leaves to be proportional to the product of the light intensity used and the 
duration of the illumination. 

This relation, however, is considered to be valid only in the case of mode- 
rate light intensities and relatively short periods of illumination. Thus Koski 
(1950) found a reduction of the total content of pigments in etiolated corn 
leaves following 180 sec illumination of 150 fc (approximately 1600 lux); 
she considered this to be a destructive effect of the light. Virgin (1955) found 
a considerable destruction of chlorophyll to take place in etiolated barley 
leaves during illumination with 600 fc (about 6500 lux). 

In the present paper it is shown that by using very high light intensities 
and very short periods of illumination it is possible to transform approx- 
imately 40 per cent of the protochlorophyll of etiolated wheat leaves to chloro- 
phyll-a without effecting any light induced loss of the total content of 
pigments. 


Methods 


Wheat of the strain “Banco” was used. The grains were soaked in tap water for 
24 hours and subsequently sown on paraffin coated wire netting. The pieces of net- 
ting were placed on top of glass dishes containing nutrient solution (Olsen 1950). 
The dishes were placed in darkness in a thermostat at 20°C. After 8 days the leaves 
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were cut off 11 cm below the apex. Each sample consisted of 40 to 50 leaves, i.e., 
3.0 g of fresh weight. The cutting and the subsequent treatment took place in faint 
green light from a dark room lamp (Osram 4543). 

The light source used for the conversion of chlorophyll was a “Cornet L” electron 
flash at a distance of 10 cm from the leaves, effect 40 w/sec, exposure 1/2000 scc. 
The light intensity was varied by means of neutral filters (Chance ON29, ON10, 
ON31, ON33) and ordinary glass to relative light intensities of 1, 9, 25, 71 and 100. 
Directly following the illumination, after 1 to 2 min at the highest, the leaves were 
cut into small pieces and ground twice in a mortar under application of kieselguhr 
and an 80 °/o acetone solution; for the first grinding 10 ml of acetone was used, for 
the second 5 ml. It should be emphasized that very considerable errors of analysis 
may be introduced during the grinding of the samples; a too short period of grinding 
causes the extraction to be incomplete, whereas an extended period of grinding allows 
too much acetone to escape and causes a very considerable reduction of the chloro- 
phyll content (chlorophyllase?). Experiments in which identical samples of etiolated 
leaves were exposed to identical light intensities and subsequently were stored for 
periods of from 1 to 30 minutes prior to grinding showed the total content of pig- 
ments not to vary with the duration of storage. 

When the crude leaf extract had been filtered through a suction filter and the pre- 
cipitate had been washed with 5 to 10 ml of 80 °/o acetone, the combined filtrates 


00 1 1 J 
530 550 600 650 700 À nm 


Figure 1. Protochlorophyll/chlorophyll-a conversion. Absorption curve for protochlorophyll 
(full line) showing peaks at 571 and 623 nm. The curve is obtained from an ether extract 
of dark-grown wheat plants. The broken line represents absorption in the ether extract 
of an identical sample illuminated ‘by electron-flash 1/2000 sec. The curve shows the de- 
crease of the protochlorophyll-peaks at 571 and 623 nm and the appearance of a peak at 
663 nm due to the presence of chlorophyll-a. In this experiment 43 °/o of the initial amount 
of protochlorophyll is converted into chlorophyll-a. The absorption maximum at 571 nm is 
characteristic for protochlorophyll (Koski, French and Smith 1950), 
but is not used for calculations. 
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were transferred to a separatory funnel. An equal volume of ether was then added 
and the mixture was shaken vigorously. After standing for 3 to 5 minutes, the thin 
water layer could be removed, and the remaining ether was washed 4 times, each 
time with 10 ml of water. The ether containing the pigments was reduced to 20 ml 
and the extinction of the solution was measured by means of a Beckman spectro- 
photometer, model DU; 5 cm glass cells were used. Absorption curves are shown in 
Figure 1. The measurements used for calculations were made at wavelengths 624 and 
663 «nm, the respective absorption maxima of protochlorophyll and chlorophyll-a, 
and also at 720 nm where the absorption is zero for both compounds. Corrections 
were made for the extinctions at 624 and at 663 nm by subtracting the extinction 
at 720 nm. 

The amount of chlorophyll-a resulting from the conversion process is expressed as 
a percentage (7') of the initial amount of protochlorophyll and calculated by means 
of the formula: 


39.9 X 100 


D 
7624 95 +926 
Dees 


’ 


Dogs, and Dogz being the corrected extinction values for 624 and 663 nm, 39.9 and 95 
being the specific absorption coefficients for protochlorophyll and chlorophyll-a at 
624 and at 663 nm, respectively, and 26 being the difference between the specific 
absorption coefficients for the same compounds at 624 nm (Smith and Benitez, 1954). 

Comparison between the initial amount of protochlorophyli and the sum of pro- 
duced chlorophyll-a and the protochlorophyll remaining after exposure to light was 
made by means of Smith and Benitez’ formula (1954 p. 136): 


Dy chi = D624 + 0.275 + Degs, 


where D,.nı represents the optical density of protochlorophyll at 624 nm presuming 
that no conversion had occurred. The constant, 0.275, is the difference of the specific 
absorption coefficients of protochlorophyll and chlorophyll-a at 624 nm, divided by 
the specific absorption coefficient of chlorophyll-a at 663 nm. 


Results 


By plotting the T values against the relative light intensities in a coordinate 
system T is seen to increase steadily with increasing light intensities, in spite 
of the fact that the highest light intensity used is of an order of magnitude 
20,000 times that of full daylight (an exact determination of the light intensity 
and the duration of illumination was not possible). The results of two experi- 
mental series are presented in Figure 2. The small loss of pigments (proto- 
chlorophyll+ chlorophyll-a) were found not to vary with the light intensity. 

Hence it is shown, in contrast to previous assumptions that the conversion 
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Figure 2. Conversion of protochloro- A © 
phyll to chlorophyll-a as a function “4 en 
of light intensity. Two experimental PRE : 
series shown with dots and circles, re 
respectively. The curve represents 20 DA LÉ 
calculated values. T conversion in a 
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intensity. So it art 
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of protochlorophyll to chlorophyll-a can take place at very high light inten- 
sities without destruction of the pigments, provided that the duration of the 
illumination is sufficiently short. 

It has further been demonstrated that the process during which the chloro- 
phylis are decomposed due to the effect of light (Koski 1950, Virgin 1955) 
proceeds at a much slower rate than does the conversion of protochlorophyll 
to chlorophyll-a, and that the light induced process leading to the decomposi- 
tion of chlorophylls does not continue when the leaves are stored in the dark 
after the illumination. 

It has previously been established (Koski, French, and Smith 1951) that 
only the light that is absorbed by protochlorophyll is of effect in the con- 
version of protochlorophyll; hence the energy supplied to the process by ab- 
sorption by the small amounts of pigments in question (/«»s) is proportional 
to the concentration of protochlorophyll (c) in such a way that l4,—kic; kı 
representing the product of the light intensity (7) and the period of illumina- 
tion. In the present experiments the period of illumination was kept constant. 


Assuming the rate of the conversion to be dependent on c and on kıc we 
d 
now have the following: = — kic koc= —k3c? (1) which by integration and 
ea) 
calculation of the integration constant (c=c, for I=0) gives — =ksl (2). 
0 
Assuming the initial concentration of protochlorophyll to equal the maximum 
amount which can possibly be converted, c,=T», and c=T» —T where T re- 
presents per cent protochlorophyll converted, we obtain the following from (2). 
a | (3). The present coordinate system (Figure 2) also in- 


cludes a curve representing formula (3) converted to the following form: 


Tl 


BE oT EE À 


The constants k; and T. were computed according to two points on a levelled 
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curve through the points determined experimentally. T was computed to 
be 55.6 per cent, and the rate constant ks to be 40.5 X10~°. 

Smith (1954) has shown the conversion process to follow the course of a 
2nd order reaction, and assumes it to be bimolecular. 

The above discussion suggest as an alternate possibility that the process 
might follow the course of a 2nd order reaction without necessarily being 
bimolecular, assuming the energy supply to be proportional to the decreasing 
concentration of protochlorophyll. 
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Introduction 


Although the material presented covered only the roots, Kylin and Hylmö 
in a paper of 1957 regarded transport and uptake within the shoots and the 
roots as taking place according to the same general scheme, that is starting 
by a passive transport from the external solution — in intact shoots pre- 
sumably the xylem sap — followed by active accumulation into the cells. 
Shortly afterwards it was possible to show experimentally that the picture 
held true for Vallisneria leaves (Kylin 1957), and in the present paper evidence 
will be presented that it is valid also for some terrestrial species. The theoret- 
ical background of the investigations was presented in the two papers cited 
above, and will be given some further consideration in the general discus- 
sion here. The peculiarities of the active uptake of green tissues have been 
elucidated, too, and are summarized in an accompanying paper (Kylin 1960 b). 


The following abbreviations will be used: AFS=apparent free space, DNP= 
2,4-dinitrophenol. 


Materials and Methods 


For the investigations the moss species Thuidium tamariscinum (Hedw.) B. & S. 
and Plagiothecium undulatum (Hedw.) B. & S. have been used as well as Crassula 
argentea Thunb. and the Eroica wheat variety. The main principles of collecting and 
treating the plants have been described already (Kylin 1960 a). Plagiothecium car- 
pets were found in the same place as Thuidium, and the same conditions were used 
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throughout for both the mosses. The wheat plants were raised on plastic holders 
according to the method used in the main series of Kylin and Hylmö (1957, p. 474). 

In all pretreatments and experiments complete nutrient solutions were applied 
containing 0.05—5 mM sulphate as indicated in each case. The basic composition of 
these solutions was given in the paper referred to above (Kylin 1960 a, table 3); the 
rule has been that solutions with 0.05 and 0.5 mM sulphate contain 0.45 mM and 
no MgCl, respectively and that when 5 mM sulphate is used Ca-, K- and Mg-sulphates 
are all added in such quantities as to maintain the relation between the cation con- 
centrations. — Temperatures, light conditions, and pretreatment times have been 
varied and are presented separately in each case, in which it should be noted that 
during the pretreatment continuous light of 9,000 lux and the highest temperature 
of the experiment in question were applied as well as the nutrient solution of medium 
sulphate contents, i.e., usually 0.5 mM. 

As far as composition of the nutrient solution is concerned, the main change be- 
tween pretreatment and experiment is thus the introduction of a suitable amount of 
“carrier-free” radio-sulphate, by means of which different aspects of uptake and 
loss of this ion have been studied. Total radioactive sulphate in the plants after 
firmly pressing the pieces between sheets of filter paper was determined at the end 
of an experiment by wet combustion and precipitation as BaSO, together with enough 
carrier to give samples of standard weight and area (Kylin 1953). The methods of 
calculating the AFS by time differentiation and extrapolation as applied here were 
accounted for by Kylin and Hylmö (1957) and Kylin (1957), where also the sources 
of error connected with them were evaluated. The possible influences of surface films 
and infiltration will be further discussed in due course (cf. Kylin 1957). 

It should be noted that all values have been recalculated so as to correspond to a 
standard giving 1,000 counts/min. and ml., which makes it easy to refer the sulphate 
taken up directly to a volume of the external solution (Butler 1953). Contrary to 
the rule of these investigations Tables 2 and 3 present values of single analyses in- 
stead of means of two, since in Table 2 some of the parallel figures are rather dif- 
ferent and since in the experiment accounted for in table 3 equal time-tables could 
not be kept. 


Experiments and Discussion 


1) Mosses 


The results of studies on the time course under different conditions of up- 
take and loss of radio-sulphate to the moss species under investigation are 
given in Figures 1—3. It is evident that the same picture emerges as the one 
known from wheat roots and Vallisneria leaves, i.e. a rapid initial phase not 
influenced by the surroundings and a slower, rectilinear one sensitive to the 
external conditions in a manner to be expected of metabolic processes. An 
amount of radio-sulphate equivalent to that rapidly taken up can easily be 
washed out again on transferring the pieces to inactive solutions, but sub- 
sequent losses are slow and insignificant (Figure 1). The properties of the 
initial phase in Thuidium thus correspond to those expected of non metabolic 
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COUNTS / MIN. AND G. 


1.5 HOURS 


Figure 1 (left). The uptake of labelled sulphate by Thuidium (@ O) and Plagiothecium 
(M U). 9,000 lux, 20°C. Complete nutrient solution with 0.5 mM MgSO4. Filled 


symbols: radioactive solutions; empty symbols: no radioactivity. — — — samples 
taken through three changes of inactive solution. - - - - - - - extrapolations. 1.00 ml. 
solution=1,000 counts/min. — Pretreatment time three days. 


Figure 2 (middle). The uptake of labelled sulphate by Thuidium under various light and 
temperature conditions. Complete nutrient solution with 0.5 mM MgSOs. O 20°C, 
9,000 lux; @ 20°C, darkness; U 13°C, 9,000 lux; @ 11°C, darkness. ---- extra- 
polations. 1.00 ml. solution=1,000 counts/min. — Pretreatment time three days. 


Figure 3 (right). The uptake of labelled sulphate by Thuidium in different solutions. 
9,000. lux, 20°C. Complete nutrient solutions with 0.05 mM sulphate (U), 0.5 mM 
sulphate (O), 0.5 mM sulphate+1 mM selenate (@), and 5 mM sulphate (x) 
respectively: ---- extrapolations. 1.00 ml. solution=1,000 counts/min. — Pre- 
treatment time ten days. 


uptake within an apparent free space equivalent to 21.5 +2.0 per cent of the 
tissue and mainly dependent upon diffusion over the concentration range 
investigäted, since figure 3 gives no indication of special adsorption sites. The 
value obtained for Plagiothecium is 15.5 per cent. 

The contribution of a surface film (contamination error) as an artifact in 
the above values is difficult to ascertain, and the exact meaning of such an 
error seems obscure in objects, which like mosses can be more or less com- 
pletely desiccated and then regain their vital functions on wetting. It can be 
stated, however, that the surface area of Thuidium, which shows the highest 
AFS, seems to be of the order of 700 cm?/g. fresh weight, whereas Plagio- 
thecium combines a lower AFS with a surface area of the order of 1,000 cm?/g. 
The cell walls, on the other hand, correspond to about 35 per cent of the total 
volume of Thuidium as against 25 per cent in Plagiothecium; with the free 
space of water saturated and blotted cellulose amounting to 60 per cent 
(Levitt 1957), the free space expected on the basis of the cell volumes coincides 
well with those obtained experimentally. 
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The above values of surfaces and cell wall volumes were computed on the basis of 
measurements by the author, which for the cell dimensions are in accordance with 
those given by Limpricht (1895, 1904). The leaf dimensions in the present material 
were, however, somewhat higher for Plagiothecium and lower for Thuidium than 
those reported by him. — The determination of the species was carried out by Dr 
S. Waldheim. 


It is known that leaf tissnes of terrestrial plants kept in water culture for 
a long time may lose part of their semipermeability (Sacher 1959); such a 
loss can of course give rise to errors in AFS determinations. The experiments 
show, however, that the time factor was of no importance here, since the 
same values were obtained after ten as after three days of pretreatment 
(cf. Figures 2 and 3). 


2) Wheat 


From figures 4 and 5 it can be seen that also in about 3 mm. long leaf 
pieces of wheat the uptake follows the scheme discussed above. Taking the 
experiments at their face value the AFS should amount to 25.8+3.6 per cent, 
but a closer consideration indicates that this figure is too high. 


COUNTS /MIN. AND G. 


Figure 4 (left). The uptake of labelled sulphate by pieces of wheat leaves. 9,000 lux, 20°C. 
Complete nutrient solution with 0.5 mM MgSO.. Filled symbols: radioactive solu- 
tions; empty symbols no radioactivity. — — — samples taken through two changes 
of inactive solution. ---- extrapolations. 1.00 ml. solution=1,000 counts/min. — 
Pretreatment time three days. 


Figure 5 (right). The uptake of labelled sulphate by pieces of wheat leaves in different 
solutions. 9,000 lux, 20°C. Complete nutrient solutions with 0.05 mM sulphate (D) 
0.05 mM sulphate+1 mM selenate (M), 0.5 mM sulphate (O), and 5 mM sulphate 
(X) respectively. ---- extrapolations. 1.00 ml. solution=1,000 counts/min. — 
Pretreatment time one day. — Right ordinate refers only to O. i 
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Table 1. Changes in weight of wheat leaves during the experimental treatment. Surface 
area about 15 cm?/sample. Leaves weighed to the nearest 0.5 mg. 9,000 lux, 20°C. 
Pretreatment time one day. 


Sample Weight of whole Weight of leaf pieces |Increase (+) or decrease 
nr leaves (mg.) after experiment (mg.) (—) in weight (mg.) 
il 212 206.5 == a 
2 214 209.5 — 4.5 
3 219.5 212 Tle 
4 217.5 222 + 4.5 
5 229 230 ae il 


Taking first the question of a possible surface film (Levitt 1957), this 
source of error is equivalent to the contamination artifact discussed for Vallis- 
neria leaves (Kylin 1957). With a surface of 25—50 cm.?/sample the latter 
object can be calculated to have a surface film about 0.001—0.002 mm. thick, 
whereas Levitt calculated the film of wheat roots to be of the order of 
0.02 mm., when the area contributed by the root hairs was disregarded; his 
figures are confirmed by experiments performed by Mr B. Ingelsten in this 
laboratory. 


In order to get an idea of the contribution of the surface film in the present 
case the experiment accounted for in Table 1 was conceived. A number of 
wheat leaves were weighed and then cut to pieces and treated as for an experi- 
ment, after which the pieces were again weighed. The changes in weight were 
small and in no way equivalent to a surface film of the dimensions given by 
Levitt (1957), which would give rise to an increase in weight of the order of 
20—30 mg/sample. A surface film of the same order as for Vallisneria leaves 
will, on the other hand, not be measurable by the present method and will 
correspond to a correction of the AFS values of about 1—2 per cent units. 

Infiltration of carefully cut leaf pieces was not observed and is not likely 
as a source of error here, since it can be excluded in Vallisneria (Kylin 1957), 


Table 2. Uptake of labelled sulphate through the epidermis of whole leaves of Crassula and 

wheat. Immersed with cut end above the surface in complete nutrient solutions with 0.5 mM 

sulphate. Time of uptake four hours. 1.00 ml. solution=1,000 counts/min. — Crassula 

leaves pretreated for one day, wheat leaves used immediately after cutting. — Each value 
represents a single determination. 


nn m see nm m m m 


Radio-sulphate (counts/min. and g.) 


Conditions 
| Wheat | Crassula 
25° C, 9,000 lux 10 30 3 3 
25° C, darkness 33 11 8 | 3 
2°C, darkness 5 4 3 2 
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where much larger, aerenchymatic intercellularies occur. On the other hand, 
Table 2 shows that the uptake through the epidermis was negligible, but 
never the less the equilibration between the external solution and the free 
space takes only about 30 minutes (Figure 4), which is much quicker than 
would be expected (Butler 1953, Figure 5), especially with regard to the small 
area of the cross-section of a wheat leaf. This must conceivably mean that 
the equilibration takes place via the xylem, where the vessels offer a pos- 
sibility for rapid penetration of the tissues by Ihe medium, with only a com- 
paratively short pathway necessary for diffusion in cell walls (cf. Tullin 
1951). The xylem can be estimated to occupy 5—8 per cent of the total leaf 
volume in the present material, and the AFS measured above should thus be 
diminished by this figure. — Another possibility for rapid equilibration may 
be indicated by the report of Lopez-Gonzales and Jenny (1958) on “contact 
exchange”, but the present data cannot be evaluated in these terms. Sym- 
plasmic transport (Arisz 1958) might theoretically be involved, too, although 
as shown below it does not play any important part in Crassula. 

A gradual loss of semipermeability due to prolonged treatment (Sacher 
1959), which has been discussed for mosses above, seems to be excluded here 
too, since the same results were obtained after three as after one day of pre- 
treatment (compare Figures 4 and 5). 

Applying the corrections discussed one arrives at an AFS value of 15—18 
per cent for the wheat leaves, which is of the same order of magnitude as 
reported for isolated wheat roots (Kylin and Hylmö 1957) but somewhat 
higher than the corrected figures presented by Levitt (1957). Intact wheat 
roots gave, however, a higher AFS than isolated ones (Kylin and Hylmö 1957), 
and assuming a surface film correction of the size discussed by Levitt (1957), 
they should have an AFS corresponding to the one obtained here for leaves. 


3) Crassula 


The mesophyll of the Crassula leaves is fairly uniform, consisting of more 
or less isodiametrical cells with a radius of 0.05—0.10 mm. and a wall thick- 
ness of the order of 2—3 u. There is the slightest tendency to form palisade 
cells towards the adaxial side, where also structures consisting of groups of 
smaller parenchymatic cells can be observed (hydathodes? — cf. Metcalfe 
and Chalk 1950). The xylem is insignificant, perhaps 0.5 per cent of the tissue 
volume. On cutting a gelatinous slime is secreted, especially during the first 
hours; it turns brownish-red on standing. 

The time curves for radio-sulphate absorption in 3 mm. cross-sections 
(Figure 6) show the presence of two phases of uptake. At 3°C, where accum- 
ulation is zero, the figures give an uncorrected free space value of the order 
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Figure 6. The uptake of labelled sulphate by 3 mm. 
cross-sections of Crassula leaves. Complete nutrient 
solutions with 0.5 mM sulphate. @ O=20°C, 9,000 lux; 
@=3°C, darkness. Filled symbols: radioactive solutions; 
empty symbols: no radioactivity. ——— samples taken 
through three changes of inactive solution. - - -- extra- 
polations. 1.00 ml.=1,000 counts/min. — Pretreatment 
time three days. 


4 2 3 HOURS 


of 6—7 per cent. An easily lost fraction is then present also in the interior 
of the tissue, as revealed by the experiment of Table 3. 


At 20°C the transition from the passive to the active phase of uptake is so 
smooth that the extrapolation made is uncertain (Figure 6). It is interesting 
to note, however, that in comparison with the low-temperature value it seems 
to represent an underestimate of the AFS, a thing which was theoretically 
predicted by Briggs and Robertson (1957, page 16). In wheat roots (Kylin 
and Hylm6 1957) and Vallisneria leaves (Kylin 1957) no differences were 
noted between extrapolations in experiments made at different temperatures, 
and for anatomical reasons the values given for mosses and wheat leaves 
above can hardly be any serious underestimates. In wheat roots, Vallisneria 


Table 3. The washing out of labelled sulphate from the central part of leaf pieces of Cras- 
sula. Complete nutrient solution containing 0.5 mM sulphate. Darkness, 2°C. 3 mm. pieces 
used during the uptake period and then cut in 1 mm. strips, of which the central ones 


were taken for the experiments. 1.00 ml. solution=1,000 counts/min. — Pretreatment time 
one day. — Each value represents a single determination. 
Time of uptake Time of washing Radio-sulphate 
(min.) (min.) Counts/min. and g. 
270 — 390 
270 90 149 
270 195 109 
375 — 653 
375 80 244 
375 255 245 
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leaves, and moss plants the thickness of the tissues is, however, at most a matter 
of tenth of millimeters, and in wheat leaves the xylem vessels probably offer 
a pathway for the rapid entrance of the external solution (cf. discussion 
above). The appearance of the phenomenon under discussion in Crassula is 
then possibly connected with the combination of thick tissue slices and the 
lack of a well developed xylem. It is pertinent to note in this connection that 
the values of Table 2 show the entrance of solutes to be limited to the cut 
surfaces in Crassula as well as in wheat, since there is practically no uptake 
through the epidermis under the present conditions. 


In order to test the AFS under conditions more favourable for penetration 
by diffusion, cylindrical pieces with a diameter of 2 mm. and a length of 
11.5 mm. were used. They were obtained by cutting away the longitudinal 
margins of the leaves with a double-edged tool, the distance between the edges 
determining the length of the cylinders, which were bored from the one cut 
surface to the other. Experiments with this material at different temperatures 
and at different concentrations of external sulphate are accounted for in 
Figure 7, and give a mean AFS of 12.7+1.7 per cent, preliminary series 
showing that the rapid phase of uptake within the cylinders is finished in 
about 30 minutes so that it should be completed when the washing out is 
started at 40 minutes. 


There is obviously a big difference between the estimates of the AFS ob- 


COUNTS /MIN. AND G. 


Figure 7. The washing out of labelled sulphate from mesophyll cylinders of Crassula leaves. 

Diameter of cylinder 2 mm. Complete nutrient solutions with A) 0.05 mM sulphate, 

B) 0.5 mM sulphate, and C) 5 mM sulphate respectively. Experiments in darkness. @ O= 

22°C; M O=2°C. Filled symbols: radioactive solutions; empty symbols: no radioactivity. 

— 7 Samples taken through three changes of inactive solution ---- extrapolations. 
1.00 ml.=1,000 counts/min. — Pretreatment time one day. 
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tained with 3 mm. sections (Figure 6) and 2 mm. cylinders (Figure 7). The 
contamination (surface film) of the epidermis can be neglected as shown by 
dipping whole leaves in radioactive solutions, wiping off the surface and then 
rinsing it with an inactive solution; the sections of Figure 6 have an epidermis 
area of 5—6 cm?/g., and such an area will contribute less than 0.1 per cent 
units to the AFS measured. On the other hand, the gelatinous slime men- 
tioned in the introductory paragraph must be considered as producing a con- 
tamination error on the cut surfaces. For the cylinders these surfaces amount 
to between 25 and 26 cm?/g. (calculated from their weights and dimensions), 
whereas in the cross-sections they are of the order of 5 to 6 cm?/g. (deter- 
mined on squared paper). Estimating then the difference of the free space 
measurements to 6 per cent units and the difference of the cut surfaces to 
20 cm?., one can express the contamination error as corresponding to a sur- 
face film with a thicknes of the order of 0.03 mm., i.e. of the same magnitude 
as the one given by Levitt (1957) for root surfaces. The AFS as measured in 
Figure 6 at 3°C would then have to be corrected by 1.5—2 per cent units, 
bringing it down to 5 °/o or slightly less and close to the values obtained for 
tissues situated in the interior, where no surface film can have a disturbing 
effect (Table 3). 

Putting all the evidence together it seems safe to conclude that there is an 
AFS of the order of 4—5 per cent (as measured by sulphate) in the interior 
of Crassula leaves. This is in accordance with numerous one- and two-point 
determinations of uptake at 2—3°C made at the same time as the investiga- 
tions on sulphate accumulation (Kylin 1960 a), and consistently giving an 
uncorrected value of the free space of the order of 6—8 per cent. Since these 
determinations were made on slices pretreated only for one day as against 
three days for those accounted for in Figure 6, the possibility of gradual loss 
of semipermeability during the time of standing is excluded here as well as 
for mosses and wheat. — The measurements of the cell dimensions men- 
tioned in the first paragraph indicate that the walls of the mesophyll occupy 
more than 5 but less than 15 per cent of the total volume. 

The qualities of the Crassula leaves — uptake only through the cut sur- 
faces, negligible xylem, and the possibility to cut out the central tissue for 
separate analyses at the end of an experiment — gave rise to the investiga- 
tions accounted for in Figure 8, where transport to the interior is studied. 
For this purpose slices 5 mm. wide were chosen, meaning that the free space 
of the central part will not be completely filled during an uptake time of four 
hours, which in turn should give excellent opportunities for demonstration 
of a possible active transport mechanism. The figures reveal that in the out- 
ward regions of the slices the (active) uptake is strongly influenced by DNP, 
KCN, and selenate in the way well known from other studies (Kylin 1960 a), 
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Figure 8. The transport of labelled sulphate to the interior of pieces of Crassula leaves. 

A) 25°C, 9,000 lux. B) 25°C, darkness. — Pieces 5 mm. wide; outer thirds (left of each figure) 

and central third (right of each figure) analyzed separately. — Complete nutrient solution 

with 0.5 mM sulphate and (1) no further addition; (2) 3X10-5 M DNP; (3) 1074 M KCN; 

(4) 10°? M Na>SeO4. — 4 hours in radioactive solutions+4 hours in unlabelled solutions. 
1.00 ml.=1,000 counts/min. — Pretreatment time one day. 


whereas transport to the interior is almost the same in all cases, indicating 
that active (symplastic) transport plays at most a limited part. This is con- 
trary to the findings of Arisz (1958) for leaves of Vallisneria spiralis, where 
KCN completely stops transport of chlorine to parts not in contact with the 
solution. It has, however, also been shown that Vallisneria gigantea in many 
respects reacts at least quantitatively differently from Crassula, wheat, barley, 
and Thuidium as far as active uptake is concerned (Kylin 1960 a, b). 


4) General Discussion 


From the above experiments it must be concluded that the AFS is now 
established as a property of green tissues as well as of roots and storage tis- 
sues. It has also been shown that the free space can be of significance for 
transport within the tissues (Figure 8). The latter statement is, of course, not 
meant to exclude the symplastic transport demonstrated by Arisz (1958), but 
evidently both mechanisms must be duly regarded. — It might possibly be 
argued that in the present experiments an inhibition of symplastic transport 
is concealed by increased diffusion through the AFS when accumulation is 
decreased. Such an argument can, however, at most lead to the conclusion 
that the significance of the two transport pathways will depend upon the 
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circumstances in the same way as the part of the free space in total uptake 
is dependent upon the external conditions (Kylin 1957, p- 739). 


Together with the investigations on active uptake of sulphate (Kylin 1960b), 
experimental evidence has now been presented for all the points at issue in 
the paper of Kylin and Hylmö (1957). It should, however, be pointed out that 
the attribution to bleeding stream and transpiration respectively of different 
parts of the salt transport from roots to shoots (Hylmö 1953, Kylin and 
Hylmö 1957), has been questioned by different authors presenting about the 
same type of results (Brouwer 1959, Helder 1958, Russell and Shorrocks 1957, 
1959). These questions are further discussed in a recent paper from this 
laboratory (Pettersson 1960). 


It was pointed out by Kramer (1957) that the presence of a free space 
makes it easier to explain a number of phenomena during the movement of 
substances within plants, among which was the leaching of solutes from 
leaves as well as the uptake from foliar sprays. Many data fit well with such 
ideas (Wittwer and Teubner 1959), but the present experiments cannot be 
used to evaluate them. The cut surfaces evidently offer a much more rapid 
way of penetration than the epidermis (Table 2), which is certainly more 
strongly hydrophobic than the mesophyll even though the intercellularies 
may be coated with cutin (Eames and MacDaniels 1947 p. 52). 


For the purposes of the present series of investigations it is of no impor- 
tance whether the structural equivalent of the AFS is limited to the cell walls 
or includes also parts of the cytoplasm (cf. Kylin and Hylmö 1957), and no 
data relating to this question are presented here. From the point of view of 
nomenclature, however, the author should like to point out that the “central 
plasm” of Arisz (1958) is stated to contain exchangeable cations, which seems 
to make it rather like the “Donnan part of the free space” of Briggs and 
Robertson (1957). Whether the cytoplasm is part of the free space or not 
may then in the special case be dependent upon the experimental material 
and its conditions. It was shown, for instance, by Cowie and Roberts (1955) 
in a series of excellent investigations that a strain of Escherichia coli had a 
“water space” of about 75 per cent as measured by different substances, 
which space suddenly dropped to 30 per cent. Variations in the free space 
were also reported by Follman and Follman-Schrag (1959) in Cladophora 
gracilis and referred by them to the cytoplasm, and in muscle the “free intra- 
cellular phase” (Simon 1959) may perhaps be interpreted in the sense of a 
cytoplasmatic free space. Without expressing a final opinion the present 
author is only after further investigations willing to accept the first paragraph 
of the summary of Levitt (1957) that protoplasm is not available for the free 
diffusion of ions and therefore cannot be a component of the AFS. 
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Summary 


An apparent free space as measured by radio-sulphate is present in T'hui- 
dium tamariscinum (21.5 per cent), Plagiothecium undulatum (15.5 per cent), 
wheat leaves (order of magnitude 15—18 per cent) and Crassula leaves (order 
of magnitude 4—5 per cent). In Crassula the transport of sulphate to the 
interior of leaf pieces is not much influenced by DNP, KCN, or selenate, and 


is thus in the first instance a passive process. 
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Introduction 


It was concluded from earlier studies that the concentration of the native 
auxin indole-3-acetic acid (IAA) occurring in the free form in Avena coleop- 
tiles and in wheat roots is not an expression of the magnitude of the growth 
activity of the tissue (Fransson and Ingestad 1955, Fransson 1958). 


Such a conclusion was drawn from the result that an addition of an anti- 
auxin, p-chlorophenoxyisobutyric acid (PCIB), brought about an increase in 
the free IAA level in coleoptiles as well as in roots, at the same time as the 
elongation intensity of the coleoptiles decreased while in the roots it increased. 

From earlier investigations it is well known that an addition of the sub- 
stance PCIB involves an enhanced cell elongation in roots (Burström 1950, 
Libbert 1957), while in coleoptiles the elongation decreases (McRae and 
Bonner 1953, Fransson and Ingestad 1955). These different influences on 
the elongation of root and shoot tissues are, however, understandable as the 
substance has been characterized as a true antiauxin (Burström 1950). 

The circumstance that the level of the free form of the native auxin in- 
creases in the presence of an antiauxin was advanced as a probable conse- 
quence of a competitive process assumed to take place between the two types 
of substances. Such an enhanced IAA level would at the same time also be 
an indication that a competition had really occurred, in which native IAA 
had been displaced from some of its natural sites (Fransson 1958). However, 
it should be pointed out here that the term competition is an incorrect 
designation for expressing what is really taking place between the antiauxin 
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and the native auxin. The results of the present paper will clearly indicate 
that the competition in reality is a true interchange between the two sub- 
stances. 

The conception that competition must be thought to take place not only 
between synthetic auxins and antiauxins but also between those compounds 
and native IAA has been put forward by many authors. They have arrived 
at such a conclusion from investigations on changes of the cell elongation 
when combinations of different auxins and antiauxins were used (cf. Skoog, 
Schneider, and Malan 1942, de Waard and Florschütz 1948, Äberg 1950, 
Burström 1950, McRae and Bonner 1952, Ingestad 1953, Audus and Das 
1955). 

The fact that the free IAA level increases in both coleoptiles and roots, 
at the same time as the elongation intensity becomes lower in the coleoptiles 
but higher in the roots, does not tally with classic opinion of the effects of 
auxin on these two different types of tissues. Therefore, from a purely experi- 
mental basis the conclusion was drawn that the free IAA form does not 
represent a state in which this auxin is active in the elongation (Fransson 
1958). Nor can evidently any storage form of the protein or non-protein TAA 
types be considered to be an active state of the auxin (Fransson 1958). 

As the active state is apparently not represented by the free IAA form, it 
ought to exist as a complex compound in which IAA is adhered to or com- 
bined with a cell component of some sort. This active IAA complex should 
then not necessarily have the identical physical and chemical properties as 
the storage IAA forms. Although the existence of an active complex was 
assumed already in 1937 by Went and Thimann (it was there called auxin 
in bound form), and the nature of this hypothetical complex was then further 
discussed (Skoog, Schneider, and Malan 1942, Went 1942), it is remarkable 
that not more investigations are concerned with the actual röle of the auxins 
inside the plant. 

Though numerous investigations are reported concerning the ability of 
different storage IAA complexes to split off IAA in a free form as a result of 
hydrolysis and proteolysis (reviewed by Gordon 1954) there are only few 
studies investigating whether or not such complexes also show any physio- 
logical significance. to the plants. 

Thus Thimann (1939) reported that Haagen-Smit obtained from radishes a 
growth inhibitor for the elongation of oat coleoptiles, which contained auxin 
combined with some other unknown molecule and yielded auxin on hydrolysis. 
Stewart (1939) studied in cotyledones and leaves of radish plants an ether- 
soluble substance capable of causing growth inhibition giving positive Avena 
coleoptile curvatures. This substance was readily hydrolyzed to form a 
growth-promoting compound that might be identical to IAA. The view that 
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this promoting compound might be identical to IAA has, however, later been 
doubted by Bentley and Bickle (1952), who from their experiments deduced 
that the growth substance might instead be an other indole compound, 
namely indole-3-acetonitrile. 

The elongation of buds was found by Snow (1937) and by Libbert (1954 
and 1955 a) to be dependent on the concentration of auxin, but the process 
is also regulated by a native inhibitor. In a further investigation (1955 b) 
Libbert was able to demonstrate that this inhibitor, obtained by ether extrac- 
tion of pea plants, could be separated by hydrolysis into an auxin, which 
very likely is IAA, and into another compound the nature of which is not 
known. 

It is thus observed that the active IAA complexes studied have inhibitory 
influence on the growth of different plant organs. Hence inhibition could 
be demonstrated on the elongation of oat coleoptiles (Thimann 1939, Stewart 
1939). Inhibition was also obtained on the elongation of stems of Vicia Faba 
(Snow 1932), on the elongation of roots from cress, flax, and wheat (Libbert 
1957), and on the germination of cress seeds (Libbert 1954). 

If the existence of an active IAA complex is assumed, it is readily conceiv- 
able that the complex might consist of IAA and, as a receptor for the auxin, 
a protein component of some sort. There are no direct records in the literature 
of the receptor being a protein compound, but the possibility of such a com- 
position of the active complex has been discussed by Gordon and Nieva 
(1949), Skoog (1950), and by Siegel and Galston (1953). 

It is the purpose of the present study to investigate the active state of IAA 
postulated from an earlier examination to exist in intact wheat roots (Frans- 
son 1958). From that examination it was obvious that the active IAA form 
could not, with the technic used, be demonstrated to be present in the acid- 
ether fraction obtained from an ether extract of the roots. The present study 
has not been performed on intact roots but has instead been transferred to 
aqueous extracts of wheat roots. The concentration of free, native IAA in 
these extracts has been bioassayed in a root cell elongation test, while the 
character of the active IAA form has been observed in a seed germina- 
tion test. 


Materials and Methods 


Normally the technic used was the one that will be described in this chapter. 
Any diverging steps in the preparations will be stated in the descriptions of the 
separate experiments. 

Material and extraction. Roots from wheat plants (variety Fylgia spring wheat, 
obtained from Svalöv, Sweden) were cut off when the plants were three days old. 
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The cultivation of the plants is earlier described (Fransson 1958). Where no other 
process is mentioned about the following experiments the roots were immediately 
placed into cold peroxide-free ether and extracted at a temperature of 5°C. The roots 
were extracted for two hours, during which treatment the ether was changed three 
times. The ether extraction was made in order to remove free auxin from the roots. 

At the end of the extraction the ether was separated from the roots and discarded. 
The root material normally had a fresh weight of about 50 g. To the roots were now 
added 100—120 ml. of cold distilled water. The roots were cut into smaller pieces, 
1—2 cm. long. The ether still present in the root tissue was then evaporated in 
vacuum, whereupon the tissue was left at 0°C for extraction with the distilled water. 

After 15 hours the root material was separated from the aqueous extract. The 
cold extract, after being adjusted to a volume of normally 150 ml. by addition of 
water, was then used for the different preparations. It should be pointed out that 
the pH of the water extracts diverged little from the value 5.5. 

Chromatography and root cell elongation test. In some experiments the concen- 
tration of free IAA in the water extracts was bioassayed by measurement of the 
enlargement of root epidermis cells from wheat test plants. 

Such a test was preceded by a treatment of the water extract with the antiauxin 
PCIB. After that treatment the aqueous solution was extracted with ether, and the 
acid ether fraction was chromatagraphed on a strip of chromatogram paper (Munk- 
tell No. 00), 2.0 cm. wide. The chromatogram was run until the front had ascended 
to a height of 15 cm. The partition solvent was isopropanol/ammonia/water 
(10: 1:1). For further details about the chromatographic procedure, see Fransson 
(1958). 

After running the chromatogram, the strip was cut into sections, 2 cm. long. Each 
section was placed on the bottom of a 50 ml. beaker, whereupon 5 ml. of a nutrient 
‘solution were added. The nutrient solution had the following composition: KNO3 
2-10 M, KH;PO, 3- 10 4 M, Ca(NO;), 4: 1074 M, MgSO, 2 : 1074 M, and Feÿ*-ver- 
senate 10 5 M. Three wheat plants, two days old, were then mounted on small 
Perspex holders in such a way that only the roots were dipping into the nutrient 
solution in the beaker. The plants were then left for 24 hours in a dark room at a 
temperature of 22°C. Thereupon the lengths were measured of those root epidermis 
cells which had completed the elongation during the test time. A number of 120 
cells were measured for each beaker; the measurement of the cell lengths, expressed 
in the unit u, gave a standard error of +2—3 per cent. The further technic con- 
cerning the root cell elongation test was the same as what has been described earlier 
(Burström 1942, Lexander 1953). 

Seed germination test. In some of the experiments on the root extracts it was 
suitable to follow the growth-inhibiting activity of the extracts. This was done by 
means of a seed germination test, in which a very pure sample of seeds of cress 
(Lepidium sativum) was used. 

The test was performed in the following way: quartz sand, 16 g., was evenly 
spread out in a petri-dish (diameter 9 cm.). One hundred cress seeds were laid out 
on the surface of the sand. Five milliliters of the water solution to be tested were 
then added to the quartz sand. To the parallel control of the test were instead added 
5 ml. of distilled water. The petri-dishes, with lids on, were then placed in a dark 
growth chamber at 25°C and 80 per cent humidity. aa 

The test was normally interrupted after 15 hours, at which time the germination 
of the control seeds on distilled water in most cases was 75—90 per cent. In the 

Physiol. Plant., 13, 1960 


402 PÂR FRANSSON 


recording of the test each seed which had a visible germ root was considered as 
germinated. The result was given as per cent germination. 

The reliability of the values recorded is demonstrated by the following figures. 
In one test when 24 parallels with distilled water were used a value of 78.8 + 0.6 
per cent was obtained. The lowest value among these parallels was 73 while the 
highest was 82, which gives a difference of 9 per cent germination. In another case, 
when a solution with inhibiting effect was used (aqueous root extract) in 20 paral- 
lels a value of 44.5+0.8 per cent was obtained. The lowest and the highest values 
were here 38, and 49 respectively (difference 11 per cent germination). 


Search for an Active IAA Complex 


As was earlier pointed out (Fransson 1958) no indications were found of 
the presence of an active IAA state in the acid ether fraction obtained by an 
extraction of wheat roots with ether. The crude ether extract had there been 
evaporated over water, the water shaken with ether at pH 8, and after that 
shaken with ether at pH 3. While the water phase and the neutral ether 
fraction were both discarded, the acid ether fraction was further used in 
that investigation. 


In the present study it was therefore introductorily investigated whether 
or not an active state could possibly be found in the water phase or in the 
neutral ether fraction, both obtained after an ether extraction of the roots. 
Further, if the roots were instead extracted with water, it was examined 
whether this aqueous extract contained such an active state, and whether 


that active substance could be fractionated out from the aqueous extract by 
means of ether. 


During the present study it was postulated that the active complex might 
have an inhibitory influence on seed germination. Such an inhibition might 
possibly be expected to appear in view of the experiences of other investigators 
as pointed out in the introduction of this paper. 


In the first experiments 55 grams of fresh wheat roots were thus extracted with 
ether. This procedure was performed at 5°C and lasted for 24 hours. During this 
time the ether was changed six times. The roots were not cut up into smaller pieces. 
The combined ether portions were then evaporated over 25 ml. of distilled water 
at a temperature of 35°C. After the ether dissolved in the water had been removed 


by evacuation at reduced pressure, the aqueous solution was tested for its influence 
on seed germination. 


However, no indications of the presence of an inhibitor were obtained. In 
order to make sure whether or not this result was a consequence of effects 
from more than one substance, the rest of the water solution was fractionated 
by shaking with ether, first at pH 8 and then at pH 3. Each one of these 
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ether fractions were then evaporated over 6 ml. of distilled water. When 
bioassayed on seed germination these two new water portions obtained did not 
show any inhibiting activity. 

The root material remaining from the foregoing ether extraction was in 
the next step extracted with distilled water of a temperature of 5°C. The 
extraction lasted for about 15 hours. The aqueous extract thus obtained was 
shown to have inhibitory activity on seed germination: 92 per cent germina- 
tion for control seeds on distilled water, while for the aqueous extract the 
value was 50 per cent. | 

Some experiments were then made to test whether or not the germination 
inhibitor could be extracted from its water solution by shaking with ether. 
It should be pointed out that the pH of the original water extracts of wheat 
roots normally diverged little from the value 5.5. In the following experi- 
ment 5 ml. of such an aqueous extract were secured for a bioassay on seed 
germination. The rest of the extract, 145 ml., was then shaken with ether, 
first at pH 5.5, then at pH 8 (sodium bicarbonate), and finally also at pH 3 
(tartaric acid). Before the changing of the pH values one or two 5 ml. por- 
tions were in each case secured for a germination bioassay (Table 1). In one 
of the two water portions taken out at pH 8 the pH value was adjusted to 6 
(with tartaric acid). Two portions were also taken out at pH 3, and in one 
of them the pH was adjusted to 6 (with sodium bicarbonate). The three cor- 
responding ether fractions obtained were each evaporated over 6 ml. of 
distilled water, whereupon these water solutions were also tested for their 
effect on seed germination (Table 1). 

It is thus obvious that the germination inhibition does not arise from a 
substance that can easily be extracted from its aqueous solution by means 
of ether. Instead, the substance is soluble in water and it is therefore possible 
that the substance is dissolved in the water phase in the intact wheat roots. 
It is also obvious that the germination inhibition of the aqueous extract is 
not a pH effect, but that the activity might be attributed to an inhibitor which 
is present in the extracts. 

In some further experiments attempts were made to enhance the germina- 
tion inhibition of water extracts by making a more effective extraction of 
the wheat roots. Therefore, a sample of roots was cut into small pieces, 
1—2 cm. long, while in a second sample the whole roots were used, and in 
a third sample the roots were crushed under water. The inhibition of ger- 
mination was tested, and it was found that the inhibition was of the same 
magnitude in extracts from whole roots and from roots cut into pieces. 
However, where the root material had been crushed, the inhibition was 
repeatedly very low or almost none whatsoever. It was therefore evident 
that the inhibitor might in some way be easily destroyed by a crushing of 
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Table 1. The influence on seed germination of water extract of wheat roots, and of some 

of its ether fractions. An aqueous root extract was shaken with ether, first at pH 5.5, 

then at pH 8, and finally at pH 3. The water extract was tested after each treatment on 

seed germination after the pH value had been adjusted as indicated. Each ether fraction 

was evaporated over six ml. of distilled water, and these water solutions also tested. 

Fresh weight of root material extracted with water 40 grams; total volume of water 
extract 150 ml. 


: H of the test Germination 
Treatments and solutions tested P Dion | per cent 

| Control, distilled water .................................... 3 60 

| - A Dee 6 61 

| ” > FR BB oe 8 64 

Water extract not treated ................................. 5.5 13 
| Water extract shaken with ether at pH 5.5 ......... 5.5 15 | 
_ Ether fraction evaporated over water.................. 6 59 
! Water extract shaken with ether at pH 8 ............ 8 | 19 | 
| LE ” ” ” ” „ 99 99 mous... 6 | 23 

| Ether fraction evaporated over water.................. 6 65 

_ Water extract shaken with ether at PHS. tee 3 20 

| 6 16 

4 2S: ” ” LE] LE] LE CES COCO ECC GIG Ont 

! Ether fraction evaporated over water................….. 6 65 


the material, this treatment being too rough a one. In the following experi- 
ments, therefore, the aqueous extractions were consequently made on roots 
cut into small pieces. 


Exchange 


From an earlier study on intact wheat roots it was evident that the native 
IAA could show a competitive interaction with the synthetic antiauxin PCIB. 
The antiauxin was in those experiments exogenously supplied to the roots 
through the nutrient solutions (Fransson 1958). 


However, the results from that study also suggest that an exchange had 
occurred between the antiauxin and the native auxin. That an exchange must 
be thought to take place will be more evident from the following experiments. 
In these ones attempts were made to show whether or not such an exchange 
might be performed also outside of the living root, namely in a water extract 


of the root. In this case it is thus the water extract that is treated with the 
antiauxin PCIB. 


An aqueous extract was prepared from wheat roots as is described under the 
material and methods. The total volume of the extract was 210 ml., and it 
was obtained from a root sample of 38 grams fresh weight. 
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Four portions, each of a volume of 40 ml., were taken from the extract. The 
volume of each portion was then doubled by the addition of 40 ml. of either dis- 
tilled water or of a basic PCIB solution. The following four new water solutions 
were thus obtained: A) 80 ml., with no PCIB, B) 80 ml., with PCIB 5:10°% M, 
C) 80 ml., with PCIB 10° M, and D) 80 ml., with PCIB 5 1077 M. 

These four solutions were then left to stand for 12 hours in a temperature of 5°C. 
Thereafter, each one of them was extracted by shaking with ether, first for 15 
minutes at pH 8, and then for the same length of time at pH 3. The ether fractions 
from the shaking at pH 8 were discarded. The acid ether fractions were chromato- 
graphed by means of the partition solvent isopropanol, ammonia, and water 
(10 :1:1), whereupon the amounts of IAA on the chromatogram paper strips were 
bioassayed in the root cell elongation test as was earlier described in this paper. 


The results from the bioassay showed that when the water extract was 
not treated with the antiauxin no IAA could be demonstrated to be present 
on the chromatogram (Figure 1, diagram A). However, when the water 
extract was treated with PCIB the auxin IAA was present in the extract in 
amounts demonstrable in the test. In this case the IAA was found on the 
chromatogram strips in the paper sections situated between the R; values 
0.33 and 0.60 (diagrams B, C, and D). 


Figure 1. The influence of acid ether fractions from water extracts of wheat roots not 
treated and treated with the antiauxin p-chlorophenoxyisobutyric acid (PCIB) on the 
elongation of wheat root epidermis cells. A: acid ether fraction from water extract not 
treated with PCIB, B: acid ether fraction from water extract treated with PCIB 5 : 10° M, 
C: with PCIB 106 M, and D: with PCIB 5-10” M. The ether fractions were chromato- 
graphed in isopropanol/ammonia/water (10:1:1). The elongation is expressed as the 
difference in cell-length in respect to that of control cells. Each length value is a mean 
from 120 cells. The ether fractions were prepared in each case from 7.2 grams of fresh 
wheat roots. Pure solutions of indole-3-acetic acid give in respect to control cell lengths 
the following differences: 10? M gives —1 u, 1078 M —29 u, and 1077 M —78 u. 
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The fact that the aqueous extract not treated with PCIB did not contain 
any amounts of IAA which were demonstrable in the root cell elongation 
test means that the extraction with ether, which was performed before the 
extraction of the roots with water, removed most of the free IAA present 
in the roots. It also means that after the completion of the ether extraction 
no formation of new free IAA took place in the water extract, probably 
depending on the rather low temperature during the extraction, whereby a 
conversion of IAA from its storage forms was prevented. 

The result obtained that IAA is present in free form in the water extracts 
treated with the antiauxin shows that an exchange has taken place in these 
extracts between the two substances PCIB and IAA. Therefore, it is logical 
to assume that the hypothetical active IAA complex is present in the aqueous 
extracts and that it can easily be extracted from the wheat roots. 


Relation between Germination Inhibition and Exchange 


It will now be investigated whether or not there is any connection between 
the germination inhibition and the exchange process that obviously can take 
place in the water extracts. 

The four water extracts that in the previous experiment had been treated 
with either distilled water or with the antiauxin PCIB and were left over 
after the fractionation with ether just described were now kept at reduced 
pressure in order to evacuate the small residues of ether which might have 
dissolved in the water phases. 

In order to compare these four aqueous solutions with the original water 
root extract a portion of the latter was diluted with distilled water to the 
double volume. | 

The five water solutions thus obtained were then bioassayed in the ger- 
mination test (Table 2). 

The results from the germination test showed that the water extract not 
treated with PCIB and not shaken with ether possessed inhibitory activity 
on the seed germination. Inhibition was also obtained with the water extract 
not treated with PCIB but shaken with ether. This circumstance is due to the 
fact that the inhibiting factor is obviously not easily extracted from an 
aqueous solution by shaking the solution with ether. The rather low solubility 
of the inhibitor in ether has also been pointed out in a previous chapter of 
this paper. 

When the water extracts had been treated with the antiauxin and later 
been extracted with ether, no inhibition on germination could be demon- 
strated. 
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Table 2. The influence on seed germination of water extracts of wheat roots not treated 

and treated with p-chlorophenoxyisobutyric acid (PCIB) or with indole-3-acetic acid 

(IAA). a) water extract not treated at all: b) water extract shaken with ether; c), e), and g) 

are water extracts treated with PCIB and after that shaken with ether to remove free 

PCIB and free IAA; d), f), and h) are the solutions c), e), and g) to which IAA has again 

been added to the concentrations indicated. The fresh weight of root material extracted 
was 38 grams; the total volume of the water extract was 420 millilitres. 


Treatments and solutions tested SEND 
per cent 

Gontrobgdistilled water seen een one se ave a dre à 75 
DNVAIeTACX I FACIINONIFEALEds.. nee ee see eee a 0.4) den na 41 
b)aWater extract shaken with ether ....................,................ 54 | 
c) Water extract (PCIB 5:10 M) shaken with ether .................. 80 | 
d) ” ” ” ” ” ” ” ” +IAA (5 2 10-8 M) .. 50 
e) Water extract (PCIB 10-6 M) shaken with ether .................... 71 
f) ” ” ” „ ” ” ” ” +ITAA (10-6 M) sete ee 42 | 
g) Water extract (PCIB 5:10-7 M) shaken with ether .................. 78 | 
h) ” ” ” ” ” „ ” ” +IAA (5 - 107 M) .. 44 


It should be emphasized that the content of free PCIB and free IAA must 
be rather low or possibly none whatsoever in those water extracts which had 
been shaken with ether at pH 3 immediately after the PCIB treatment. The 
greater part of the free forms of the antiauxin and the auxin substances 
ought, by the methods used, to be found in the corresponding acid ether 
fractions. 


The active IAA complex, which is assumed to be present in a water extract 
of wheat roots, must be expected to lose probably the greater part of its 
content of IAA when an exchange process is initiated by the addition of PCIB 
to the extract. The antiauxin may now have replaced the IAA on the sites 
of the receptor of the complex. This hypothetical PCIB complex has in such 
a case obviously no inhibiting influence on the seed germination. 

A next step in the experiment was performed with the intention of trying 
to displace the antiauxin PCIB from the receptor sites by adding IAA to the 
water extracts, i.e., to start a new exchange but in the opposite direction to 
the former. The auxin was thus added to such an extent that its final con- 
centration in the water extracts would be the same as the PCIB concentra- 
tions which were previously used in the antiauxin treatments of the extracts. 
After being bioassayed it could be demonstrated (Table 2) that the [AA-con- 
taining solutions regained an inhibiting influence on the germination which 
was of about the same order of magnitude as when untreated water extracts 
were used. 

The addition of IAA to the water solutions was made in such a way that 
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0.12 ml. of strong IAA solutions were added to each of 12 ml. of the PCIB- 
treated extracts. The volume of these extracts was hereby increased with 
one per cent, an increase which was assumed to be low enough to be 
negligible. After the IAA had been added, the solutions were left for five 
hours at a temperature of 5°C before the germination assay was started. 

Presumably some part of the IAA that had thus been added to the solu- 
tions d), f), and h) was not coupled at the receptor sites but remained in the 
free form in the solution outside of the complex. It was therefore necessary 
to control whether or not the inhibition on germination with the three extracts 
might be a result of the presence of on the one hand free IAA, on the other 
of free PCIB. The antiauxin must be expected to be released from the 
receptor sites by the IAA addition. The experiment presented in Table 2 
was thus repeated with the additional operation that the three solutions d), 
f), and h) were at five hours after the IAA addition extracted with ether at 
pH 3. Hereby the free forms of both IAA and PCIB were removed from the 
water extracts. In the following test on the seed germination (Table 3) no 
divergence, however, was obtained from the previous results presented. 

It thus seems evident that none of the free forms of IAA or PCIB are 
responsible for the varying influence on the germination which is exhibited 
by the water extracts tested. This is also clear from Table 4 in which are 
presented the results from a germination test using pure solutions of the 
auxin and the antiauxin. 

The results accounted for in the present chapter and in the previous one 
show that there are reasons to assume that in aqueous extracts of wheat roots 


Table 3. The influence on seed germination of water extracts of wheat roots not treated 
and treated with p-chlorophenoxyisobutyric acid (PCIB) or with indole-3-acetic acid (IAA). 
The water extracts are the same as the ones used in the experiment of Table 2. The 
treatments were the same as those described in Table 2 with the only addition that the 
solutions containing the added IAA were ones more shaken with ether. 


I 


Treatments and solutions tested Germination 
per cent 
Controls distilledpwater: ess er Pek eee es ec ee eee 79 
a).Watertextract/mot'treatedie Net neem ee oe Hees See ee eee 47 
b):, Water extract, shakeniwith'ether io ae ees AR ee 44 
c) Water extract (PCIB 5:10-° M) shaken with ether .................. th) 
d) ” ” ” ” LE] LE] ” LE +IAA (5 à 10-8 M) ee 31 
e) Water extract (PCIB 10-6 M) shaken with ether .................... 69 
f) ” ” ” ” LE] ” ” ” +IAA (10-8 M) ..o.0.. 46 
g) Water extract (PCIB 5-10-7 M) shaken with ether .................. 72 
h) LE] ” ” EE] ” LE] » ” +IAA (5 ° 10-7 M) .. 40 
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Table 4. The influence on seed germination of pure solutions of indole-3-acetic acid (IAA) 
sand of p-chlorophenoxyisobutyric acid (PCIB). 
ee 


Solutions tested Germination 
per cent 
Control, distilled water ... 75 
TAAESTO ZOOM oe sca onc 79 
IAA N Genie ame aoe 79 
PAGAL Srl OMe een. 73 
PCIB orlO 6s Mirren eo: 81 
PCIB OEM re 70 
ECB rowel OGM see fd 


there is a compound of some sort which yields IAA in a free form after an 
addition of the antiauxin PCIB to the extracts. At the same time the treated 
water extract loses its character of inhibiting the germination of cress seeds. 
The inhibition can, however, be regained by a subsequent addition of pure 
IAA to the extract. The free forms of the auxin and the antiauxin do not, 
in the concentrations used, influence the germination. Therefore, it seems 
probable that in the water extracts a compound is present which influences 
the germination, and which in some way is effected by a true exchange. This 
exchange can be led not only in the one direction, PCIB — IAA, but also in 
the other, IAA > PCIB. 

Furthermore, the results strongly indicate that the compound which after 
an addition of PCIB yields IAA in a free form and that compound which at 
the same time loses its ability to inhibit germination are one and the same, 
since otherwise it would not be possible to restore the germination inhibition 
by an addition of just the auxin. 


Exchange at Low Concentrations 


As is demonstrated in Table 2 and Table 3 the values for one group of 
solutions tested lie between 69 and 80 per cent germination (for control and 
PCIB-treated extracts), while for the others the values are between 31 and 
54 per cent (for untreated water extracts, and for PCIB-treated ones to which 
IAA has later been added). 

These findings might indicate that the influence on germination is an 
all-or-nothing effect with the concentrations of PCIB and of IAA used. These 
concentrations are obviously too high, and consequently it might be possible 
to obtain a similar change in the influence on germination even when some- 
what lower concentrations are used. 

Therefore a separate experiment was carried out to determine the lowest 
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Table 5. The influence on seed germination of water extracts of wheat roots not treated 
and treated with different concentrations of p-chlorophenoxyisobutyric acid (PCIB). 


Germination per cent 
Treatments and solutions tested 
Expt. I Expt. II Expt. III 

ee Se EE ZZ 
Control, distilled water "#7". 83 82 82 
Water extract not treated eu seen eeieaaee 44 30 33 
Water extract, PCIB 10-10 M ........................ 42 33 36 

= nr PCIBSLVZIM RE ee 65 55 78 

7 x PCIB?10=8 MES ME 71 76 80 

~ $5 PCIB MO EME en ee 73 74 76 


concentration of the antiauxin at which the first decrease in the germination 
inhibition of the extracts could be detected. 


A water extract with the volume of 150 ml. was obtained from a wheat 
root sample, 72 grams fresh weight. To 9 ml. of this extract was added 1 ml. 
of distilled water, whereby a solution was obtained which in Table 5 is 
indicated as Water extract not treated. To each one of other 9 ml. por- 
tions 1 ml. of PCIB solutions of different concentrations were added. After 
being left as usual for five hours at a temperature of 5°C, the solutions 
were bioassayed for their effect on the germination of cress seeds (Table 5). 

The results from Table 5 show that the magnitude of germination inhibi- 
tion that was obtained with the untreated water extract was the same as 
for the extract that contained PCIB in a concentration of 10-1 M. In the 
third experiment with PCIB 10° M the inhibition had disappeared, while 
in the first and the second experiments the values of the germination lay 
between the values for the controls and for the solutions showing the highest 
inhibitions. At a PCIB concentration of 108 M, however, there was no inhibi- 
tion left in either of the three experiments. The same was also true for the 
solutions with a PCIB concentration of 1077 M. 


A decrease in the inhibition of the germination is thus noticeable at so 
low a concentration of PCIB as 10° M. Such a low concentration also seems 
to be physiologically more probable for the processes studied than the higher 


concentrations used in the experiments described earlier in Table 2 and 
Table 3. 


Velocity of the Exchange Process 


The exchange interaction between the antiauxin PCIB and the native 
auxin IAA has in this present study been postulated to occur at certain sites 


on a receptor compound of some sort which together with IAA forms the 
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active IAA complex. In the experiments hitherto described the exchange has 
been studied after the antiauxin and the auxin have been allowed to com- 
pete during a period of at least five hours. 

However, if this is a question of a real exchange process, it might on 
physical-chemical basis be expected that the end result from such an exchange 
would be reached after a much shorter period. 

This question will be studied in the following experiment by the use of 
the germination test. 


To each of four separatory funnels 1 ml. of a PCIB solution of the concentration 
10°° M and 9 ml. of a water extract of wheat roots were added. The solutions in 
each funnel were then immediately mixed by thorough shaking for two minutes. 
The solutions in the funnels were then left for different times, namely for 3, 13, 28, 
and 58 minutes respectively. After these times the solutions were at once shaken 
with ether at apH of 3. Ina fifth case 9 ml. of the water extract were not treated 
with PCIB but were instead diluted with 1 ml. of distilled water, whereupon this 
solution was also shaken with ether. 

After the ether phases had been discarded, the residual ether was evacuated at 
reduced pressure in the usual way from the water phases. These water solutions 
were then bioassayed in the germination test (Table 6). 

The main portions of both free PCIB and free IAA must be considered to 
be removed from the water solutions by the shaking with ether. It is evident 
from Table 6 that the inhibition of the germination is zero when the water 
extract has been treated with PCIB for 30 minutes. This means that after 
that period the exchange can be assumed to be rather near its end phase, 
i.e., that there has been time enough for the antiauxin to have displaced the 
main number of IAA molecules from the active complex. 

When the ether extraction of the PCIB-treated water solutions was made 
less than 30 minutes after the addition of the antiauxin, the inhibition of 
germination was still obvious but not at all so high as when the untreated 


aqueous extract was tested. 


Table 6. The influence on seed germination of water extracts of wheat roots not treated 
and treated for different times with p-chlorophenozyisobutyric acid (PCIB) at a concentra- 
tion of 1076 M. 


Duration of the CE ation 
Treatments and solutions tested PCIB treatment En Kent 
in minutes P 
Control distilled water ........- nennen — 94 
Water extract not treated............... ........... — 52 
Water extract treated with PCIB ............... 5 72 
” ” ” 9 99 cnnssnnsssrrese 15 78 
LL] LA LE] ” LE] - 30 97 
LL] ” ” LE 99 mms nus 60 97 
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This might mean that the PCIB molecules were not present in the vicinity 
of the active IAA sites of the complex in spite of the shaking for two minutes, 
which was carried out in order to mix the PCIB solution and the water 
extract thoroughly. On the other hand, the values obtained might also indicate 
that the extraction of the water phases with ether after the two shorter treat- 
ment periods was performed much too early, i.e., the added free PCIB was 
removed after too short a period, whereby the exchange process was inter- 
rupted before it had reached its end phase. 

The results presented in Table 6 therefore indicate that the exchange be- 
tween PCIB and IAA was detectable five minutes after the addition of the 
antiauxin to the aqueous extracts. Further, it is obvious that no inhibition 
of the germination could be demonstrated in the extracts 30 minutes after 
such a PCIB addition. 


Chemical Nature of the IAA Complex 


After studying certain physiological aspects of the active IAA complex in 
the foregoing experiments, the chemical nature of this complex will now be 
investigated. 


Gradient-electrophoresis 


The homogenity of the germination-inhibiting factor in the aqueous extracts 
of wheat roots was studied by means of a gradient-electrophoresis apparatus. 

A water extract, 50 ml. in volume, was obtained from 20 grams fresh 
weight of wheat roots. Five milliliters of the extract was assayed in the ger- 
mination test for its inhibition activity. The remaining volume of the extract 
was treated by shaking it together with a small amount of active carbon for 
30 minutes. Thereupon the carbon was separated from the remaining solu- 
tion and this solution also bioassayed in the germination test. The following 
values were obtained: 


Control distilled iwaler 2 eee 77 per cent germination 
Water extract not treated sn ote. ton eee Si ae 5 
Water extract treated with active carbon .......... 70 


It thus seems obvious that a great part of the inhibiting factor had been 
adsorbed on the active carbon. In the next step the carbon was therefore 
eluted, first with 5 ml. of 60 per cent ethanol, thereafter with a new portion 
of ethanol to which a droplet of concentrated ammonia had been added. 
These two fractions were then combined, and the ammonia and ethanol 
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evacuated at reduced pressure. Thus, an aqueous solution with a volume of 
3 ml. was obtained. The total volume was then transferred into the gradient- 
electrophoresis apparatus. 


For the run in the apparatus an alcohol—water gradient was used. A sodium 
hydroxide-citrate buffer solution of a molar concentration of 1.25- 10-3 with a pH 
value of 5.5 was present in the total liquid column of the apparatus. The density 
gradient had a length of about 55 cm. The sample of the water solution to be 
tested was placed in the lower third of that length. This was done by adding ethanol 
to the water solution in such an amount that a specific density was obtained which 
corresponded to the density at that position inside the gradient where the prepara- 
tion was to be placed. When placed at that position the added preparation formed 
a layer like a coin, 2 mm. in thickness. The capillary through which the preparation 
had been transferred into the gradient was drawn down about 10 cm. Between the 
two ends of the liquid column of the apparatus was then applied an electric tension 
of 1200 volts, giving an intensity of the current of one milliampere. 


After two hours the current was broken whereupon a volume of about 
75 ml. was removed from the liquid column by means of the capillary. This 
was done in such a way that ten layers lying over each other in the column 
were isolated. Each one of the layers thus represented a volume of seven ml. 
By the technic used the layer with the highest density was isolated as the 
first one, while the densities of the subsequent layers gradually decreased. 
The layers thus isolated were then bioassayed in the germination test 
(Figure 2). 


% 


80 

60 

40 

20 

er 3 5 7 Layers 10 
High Low 
density density 


Figure 2. The influence on seed germination of water extract of wheat oes run ina 
gradient-electrophoresis apparatus. The water extract was treated with active carbon. The 
carbon was then eluted with 60 per cent ethanol. This ethanol solution was concentrated 
and run in the apparatus. An ethanol-water gradient was used; the electric tension was 
1200 volts and the intensity of the current 1 milliampere. After two hours 10 layers 
lying above each other were removed from the apparatus. The layers Pte tested on the 
germination of cress seeds. The germination of control seeds on distilled water was 
84 per cent. 
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It thus appears from the experiment that the germination inhibitor can be 
adsorbed on active carbon, and, further, from the technic of gradient- 
electrophoresis used that the inhibitor seems to move within a rather homo- 
genous chemical fraction. 

In another experiment a portion of aqueous extract was run in the appa- 
ratus using a sugar-water gradient. In the following germination test a result 
similar to that presented in Figure 2 was obtained. 


Dialysis 


In the following experiment it was studied whether or not an aqueous 
extract of wheat roots might show any change in the intensity of germina- 
tion inhibition before and after the extract had been dialyzed. 


During the dialysis procedure, which was performed at a temperature of 
5°C, a volume of 20 ml. of an extract was put into a dialysis tube (of the 
mark Rexstar). The tube was submerged into distilled water, two litres in 
volume. This volume was then renewed three times so that the aqueous root 
extract was dialyzed with a total of eight litres of distilled water per 24 hours. 


During the dialysis the water extract inside the tube was tested on the 
germination of cress seeds (Table 7). As a parallel, a portion of the original 
water extract was not dialyzed but was kept also at a temperature of 5°C, 
and was also bioassayed. 


From Table 7 it seems evident that the inhibitor active on germination is 
rather easily dialyzable, a circumstance that might indicate that the mole- 
cular weight of the inhibitor is lower than 13000 (cf. Avery, Berger, and 
Shalucha 1941). 


Table 7. The influence on seed germination of water extracts of wheat roots not treated 
and treated by dialysis for different times. 


; x Germination per cent | 
Expt. No. Bioassay at time ne 
: during dialysis Control, distilled Extract not E : 
Late dialyced xtract dialyzed 
At start a2 30 == 
I After 24 hours 79 35 75 
After 48 hours 85 40 79 
Il At start 85 44 — 
After 24 hours 83 50 84 
At start 87 
il After 24 hours 92 44 90 
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À protein fraction with inhibiting activity 


In the following experiment the question of whether the active IAA com- 
plex might be characterized as belonging to the protein group was studied. 


For this purpose precipitations of aqueous extracts of wheat roots were 
performed. This procedure yielded no or almost a negligible precipitate with 


solid salts of ammonia sulphate or of sodium chloride at a temperature 
015 GC. 


The next procedure attempted was precipitation with pure ethanol, acetone, 
and dioxane, as these solvents are also used for the precipitation of proteins. 
Rather good precipitates were obtained at 5°C. These were then separated by 
centrifugation. The precipitates, however, appeared to be rather difficult to 
dissolve again in distilled water. Only a minor part of them actually went 
into solution. It therefore seemed that the proteins in the water extracts were 
rather easily denaturated by the treatments, even at the low temperature 
of 5°C. The solutions of the protein precipitates in distilled water did not 
show any inhibiting effect on the germination of cress seeds. 


In order to avoid as much as possible denaturation of the protein fraction, 
precipitations were carried out at a still lower temperature. Therefore, a 
water extract of wheat roots was cooled down to 0°C by the addition of 
some ice. Similarly, ice was also added to the solvents acetone, dioxane, and 
ethanol which were to be used. After two hours each of these was added to 
a portion of the aqueous extract in the proportion of 2 : 1. Five hours later 
the precipitates were separated and each one of them left to dissolve in 
11 ml. of cold distilled water. After two hours more the main part of the 
precipitates had gone into solution. The insoluble residue was discarded as 
probably consisting mostly of lipo-proteins and other chemicals as occlusions. 

The aqueous solutions of protein thus obtained were then tested for their 
effect on the germination of cress seeds (Table 8). The remaining 6 ml. of each 
one of the aqueous protein solutions were then treated at 0°C with acetone, 
dioxane, and ethanol respectively. New precipitates were thus obtained, 
which were isolated and left to dissolve in 6 ml. of distilled water On this 
occasion the precipitates did not dissolve totally either, and the solubility 
was especially low for the two precipitates obtained by treatment with 
dioxane and ethanol. The three new aqueous solutions were, however, also 
bioassayed in the germination test (Table 8). 

It is thus obvious from the table that the precipitates obtained in the first 
treatments with acetone, dioxane, or with ethanol and afterwards dissolved 
in distilled water all showed inhibiting activity on the germination. On pre- 
cipitation in these new solutions and a renewed dissolution of the precipitates 
in distilled water, only the solution which contained a precipitate from the 
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Table 8. The influence on seed germination of water extract of wheat roots and of solu- 

tions of wheat root proteins. The proteins, precipitated from water extract by acetone, 

dioxane: or ethanol, were dissolved in distilled water. From these solutions the proteins 
were precipitated again, and redissolved. 


LK 


: ination 

Treatments and solutions tested Sen 
Control, distilled) water: ee elerete 86 
Water extract not treated -.................... 45 
Solution of first precipitate with acetone ....... 58 
‘Solution of second precipitate with acetone ...:. 60 
Solution of first precipitate with dioxane ....... 62 
Solution of second precipitate with dioxane ..... 80 
Solution of first precipitate with ethanol ....... 62 
Solution of second precipitate with ethanol ..... 87 


acetone treatment still showed any definite inhibiting activity. In the two 
other cases, where dioxane and ethanol had been used, it might be assumed 
that the proteins had undergone almost total denaturation in the second 
precipitation. 

The result obtained might indicate that the receptor, to which IAA is 
assumed to be coupled and together with which the auxin forms the active 
complex, is a protein component of some sort. In support for this view will 
be taken the circumstance that when the protein fraction is precipitated at 
too high a temperature, the protein substances are easily denaturated. At 
that moment they are difficultly soluble in distilled water, and the aqueous 
solutions obtained have no inhibiting influence on the germination. 


At a lower temperature, for instance at 0°C, denaturation still occurs but 
to a minor extent. The precipitates hereby obtained are soluble in distilled 
water and show inhibiting influence on seed germination. 


An indication that the IAA complex might contain a proteinous component 
is the circumstance that in the root extracts .1) a protein fraction can be 
precipitated, 2) the precipitate can be dissolved in distilled water, 3) from 
this water solution the protein fraction can be reprecipitated, whereupon 
4) this latter precipitate can, at least partly, be dissolved in distilled water, 
and finally 5) this last water solution contains some factor which has an 
inhibiting action on seed germination. 


As the inhibitor may have a rather low molecular weight (which was 
indicated in the results from the dialysis experiments) and the non-auxin 
component in the IAA complex studied is supposed to be a proteinous com- 
pound, this component might belong to the peptide group. 

Physiol. Plant., 13, 1960 | 


AN ACTIVE STATE OF AUXIN IN WHEAT ROOTS 417 


Table 9. The influence on seed germination of water extracts of wheat roots ‘not boiled 


and boiled. 
EE a om el 
aA 4 Germination cent 
Treatments and solutions tested Boiling > ee 
minutes 


Expt. I | Expt. II | Expt. III 


eee 


Control, distilled water =.......................… — 92 88 92 
IWétersextractnotiDoiledi... 1.2.0... — 40 53 49 
MWater/extraet boiledir.. me eoeee: 1 70 

8 2 ERS ERA 2 70 

os ae mo” es NS ae Ce Oe SL aA Ae el ia 3 84 


Boiling of the aqueous extract 


The question of whether the germination inhibitor might be a proteineous 
compound was additionally elucidated by boiling an aqueous extract of 
wheat roots. 

For this purpose three portions of extract were boiled for one, two, or 
three minutes. By this process somewhat precipitate settled. After being 
cooled the remaining aqueous solutions were tested on seed germination. 

The results from that test showed (Table 9) that the inhibition activity of 
the extracts was certainly reduced by the boiling but that it was not quite zero. 

This result will therefore be taken as an indication that the inhibitor might 
belong to the protein group. As the inhibitor is obviously not quite totally 
denaturated by the boiling, it might also from this experiment be assumed 
that the receptor of the IAA complex is a peptide of some type. This because 
denaturation of peptides normally becomes less pronounced the lower the 
molecular weight of these compounds. 


Discussion 


It is obvious that the hypothetical inhibitor complex studied in the present 
investigation can easily be obtained from wheat roots by extraction with 
water. Further, the inhibitor apparently cannot be removed from its aqueous 
solution by extracting the solution with ether. In an earlier paper (Fransson 
1958) it was also pointed out that no indications were found of an inhibitor 
in ether extracts of the wheat root tissue. The inhibitor, therefore, seems to 
be practically ether-insoluble. As it is easily extractable from the wheat roots 
with water, it is probable that the inhibitor exists as a solute in the water 
phase within the intact plant. 

Through its insolubility in ether the inhibitor from wheat roots shows 
dissimilarity to the inhibitors found by Stewart (1939) and by Libbert 
(1955 b) which substances were both quite soluble in that solvent. 
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The water solubility—ether insolubility of the inhibitor from wheat roots 
resembles a type of some complex auxin which originates from seeds of 
maize and oat, and which has been studied by Skoog (1937), Voss (1939), 
Funke (1943), Funke and Söding (1948), Pohl and Tegethoff (1949), Teget- 
hoff (1951), and Pohl (1951). This complex form is thought to be produced 
during the germination of the seeds as auxin moves out from the endosperm 
and becomes coupled in the scutellum with an inhibitor that is present there. 
The complex form is assumed to move upwards through the coleoptile and 
into the tip. Here it is reactivated whereby auxin is set free again. This 
coupled auxin complex has not been demonstrated to be present in ether 
extracts of the plant material, and it cannot be eluted from an aqueous 
extract by means of ether. 

The experiments performed on the nature of the active IAA complex in the 
present aqueous extracts are concluded to indicate that the complex has a 
rather low molecular weight and that the non-auxin component in the com- 
plex might well be a peptide. The present IAA complex shows, in its pro- 
perty of not being quite destroyed by boiling, similarity to the inhibitor 
which Libbert studied in pea roots (1955 b). That inhibitor was shown to be 
very stable towards heat treatment. 

When studying intact roots (Fransson 1958) it was observed that the con- 
centration of free IAA was increased by an addition of antiauxin (PCIB) to 
the nutrient solutions. 

Since Burström (1950) and Fransson (1958) showed that PCIB causes a 
stimulation of the elongation of the root cells, and Burström also concluded 
that PCIB and IAA must be thought to compete with each other it was 
assumed (Fransson 1958) that the competition between PCIB and the native 
IAA takes place at a site where IAA exerts its activity on cell elongation. 

In the present study a higher level of free IAA is obtained in an aqueous 
root extract after an addition of PCIB to the extract. As the newly appearing 
free IAA has to come from an IAA-containing substance, it is concluded that 
IAA must be present in the aqueous extract as some complex, composed of 
IAA and some other compound. The experiments have also shown that some 
connection apparently exists between the IAA complex and the inhibition 
on seed germination. 

However, it must be considered whether the germination can be used as 
an indicator of influences on cell elongation. According to the literature over 
the physiology of seed germination (reviewed by Toole, Hendricks, Borth- 
wick, and Toole 1956) it is a normal feature that, prior to the time of visible 
germination, processes are involved which after the imbibition bring forth 
a swelling of the radicle; whereupon true growth follows. The imbibition 
and the primary water uptake of the radicle will therefore in the present 
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study be viewed as processes which are not retarded by the aqueous extracts 
during the germination tests. While the tests are estimations based on visible 
germination, the influences obtained will be regarded as influences on the 
true growth of the germ root. 

The present results show that an aqueous extract of wheat roots possesses 
a rather high capability of inhibiting the germination of cress seeds. When 
the antiauxin PCIB is added to the extract the latter loses its inhibiting 
activity and the germination intensity becomes just the same as the germina- 
tion of control seeds tested on distilled water only. 

As was mentioned above the addition of the antiauxin also results in a 
higher concentration of free IAA in the extracts. It should at the same time 
be kept in mind that the presence of pure PCIB, which compound can here 
be considered to form free PCIB, and the presence of free IAA (as a con- 
sequence of the exchange) do not in themselves affect the germination (Tables 
2, 3, and 4). Drawert (1949) also found that IAA has slight influence on the 
germination of a number of different seeds tested, among them seeds of 
cabbäge, maize, soya, and wheat. Drawert obtained an incipient inhibition 
at so high concentrations of IAA as 10”? M. Libbert (1954) obtained inhibi- 
tion of the germination of cress seeds only in IAA solutions stronger than 
10-* M. The influence of PCIB on the germination of lettuce seeds was also 
reported to be zero when solutions of such high concentrations as 104 M 
were tested (Poljakoff-Mayber et al. 1959). 

The connection between the enhanced IAA concentration and the eliminated 
inhibition activity indicates that the IAA complex concluded to exist is the 
substance that acts as the germination inhibitor in the aqueous extracts. 

Further, it seems reasonable to assume that the germination inhibition 
ought to be restored as soon as IAA.can in some way become recoupled 
to the receptor. The present results show that such a restoration occurs. 
This also means that the reversible exchange between the antiauxin and the 
auxin is such a process in its true sense, i.e., the exchange can be led in the 
one direction, PCIB — IAA, as well as in the opposite one, IAA — PCIB. 

Since a clear connection exists between the intact IAA complex and the 
rather strong inhibition of seed germination, it is concluded that the IAA 
complex which apparently is present in the aqueous extracts of the wheat 
roots really represents an active state of the auxin IAA. 

The exchange that occurs between PCIB and IAA was also studied with 
reference to the time factor of the process. The periods of treatment with 
PCIB, 5— 18 hours, previously used with oat coleoptiles (Fransson and Inge- 
stad 1955) and in wheat roots (Fransson 1958), as well as in the present 
aqueous extracts of wheat roots obviously must be unnecessarily long if 
one considers the process to be a true chemical reaction. When rather short 
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treatment times were used the results show that the inhibition appears to 
decrease after five minutes and that no inhibiting activity is left after thirty 
minutes. 

This means, with respect to the exchange process itself, that it can be 
detected after five minutes and that the end phase of the process is reached 
within thirty minutes. 

It should be noticed that the method used here to study the property of 
the IAA complex as a germination inhibitor and to observe after which time 
the PCIB treatment brings about a change in this property is a technic which 
gives rather distinct indications on the conditions within the complex. The 
technic is also easy to manage. The time factor, however, could also have 
been studied by measuring the rate at which IAA is released from the com- 
plex, giving rise to a free form of the auxin. The concentration of this form 
could be estimated in a bioassay, e.g., an Avena section test. However, this 
more cumbersome method does not seem to be so appropriate for the actual 
purpose, since the changes in the concentration of the free IAA appearing 
during the course of the exchange must be expected to be rather slight and 
difficult to estimate even in a bioassay (cf. also Fransson 1958). 

The germination test was also used to determine the lowest necessary con- 
centration of PCIB at which an exchange could be detected. Even if the 
germination test may not be suitable for detection of small nuances in inhibi- 
tion activity, this test clearly indicates whether or not an inhibitor is present 
in the solution under investigation. 


Attempt of computing the auxin content in the complex 


On the basis of the results obtained from an earlier investigation and 
from the present one it is possible to make some calculations on the con- 
centrations of two different forms of the native auxin IAA existing within 
the wheat roots. 

A. An earlier report (Fransson 1958, Table 1) on the level of the free, 
short-time extractable IAA in intact wheat roots was based on the measure- 
ment of elongation by use of an Avena coleoptile section test. From that table 
the average elongation of the control sections was 0.61 mm. When free IAA, 
originating from one gram dry weight of wheat roots not treated with the 
antiauxin PCIB, was added the section elongation increased to 0.76 mm., 
i.e., to 0.15 mm. more than in the controls. Such an increase over the control 
growth corresponds to what is normally obtained with a pure IAA solution 
with a concentration of 10-810 M. If the water content of fresh wheat roots 
is estimated to 85 per cent, the intact roots would contain 0.83 ug. free IAA 
per kilogram fresh material. 
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When free IAA obtained from PCIB-treated roots was added the section 
elongation was increased somewhat more, namely to 0.86 mm. per gram of 
dry root material. The elongation over the control elongation was, thus, of 
the magnitude 0.25 mm. This increase corresponds to that obtained with an 
IAA solution having a concentration of 10-7% M. Using the same method of 
calculation as in the first case, the new value for the IAA concentration would 
become 1.10 ug. per kilogram fresh roots. However, it should be. pointed 
out that since this last figure represents the free IAA concentration in anti- 
auxin-treated roots, the value is the sum of free IAA in normal untreated 
roots plus the amount of IAA set free by the PCIB treatment. 

The difference in IAA concentration between the two cases, namely 
0.27 ug. per kilogram fresh roots, would therefore represent the amount of 
IAA which is present in the active complex. 

B. From the present investigation on aqueous extracts of wheat roots a 
similar calculation can be made on the amount of IAA that is released from 
the active IAA complex after a treatment with PCIB. This calculation will be 
based on the results obtained from the bioassay with root cell elongation 
measurement (Figure 1). The IAA form measured in that case is considered 
here to be only the active IAA, since the aqueous extracts were shaken with 
ether to remove the free IAA before the PCIB treatment, but above all since no 
auxin was found in the extracts not treated with PCIB. In the histogram 
concerning the ether fraction obtained from an aqueous extract treated with 
PCIB in the concentration of 510-7 M (Figure 1), the IAA is situated on 
the chromatogram strip between the R; values 0.33—0.46 and between 0.46— 
0.60. When the respective cell lengths obtained in that experiment are com- 
pared with the cell lengths that are obtained with pure IAA solutions it can 
be calculated that the fresh roots contain 1.04 ug. complex-active IAA per 
kilogram. For the preparation with 10-65 M PCIB the IAA amount will then 
be 1.72 ug., and when 5 : 10-65 M PCIB was used 1.37 ug. IAA per kilogram 
fresh roots. 

C. The lowest concentration of PCIB at which the displacement of IAA 
from the active complex could be detected was 10~° M. If then it can be 
presumed that each molecule of the antiauxin displaces one molecule of auxin 
from the active sites a calculated value of 0.40 ug. complex-active IAA per 
kilogram fresh root material will be obtained. 

It thus appears that two of the three different calculations presented here 
on the amount of the complex-active auxin give rather equivalent values, 
namely 0.27 ug. and 0.40 ug., while the third one yields a somewhat higher 
value, about 1.40 pg. per kilogram fresh roots. 

Although the three values may be considered to be of the same order of 
magnitude, it is still questionable whether or not the divergence of the third 
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value can be attributed to some special reason. The first value, 0.27 
ug./kg., is estimated as a direct determination in an oat section test. The 
second value is quite independently obtained as an estimation not of IAA 
itself but of a critical concentration of PCIB, bioassayed in the germination 
test. As these two values are obtained in quite different ways and there 
seems to be no reason for questioning the veracity of the two assays, it is 
concluded that both the values are rather probable. The third, somewhat 
higher value of 1.40 ug./kg. might then be due to a higher amount of 
active complex accessible for the PCIB-IAA exchange in an aqueous extract 
than in intact roots. This, however, cannot hold true, since in such a case the 
second value, also derived from a water extract but estimated from a ger- 
mination bioassay, would have been higher, too. Nor is it probable that the 
third higher value depends on a higher production of free IAA in an aqueous 
extract than in intact roots by a conversion of the bound storage auxin into 
the free form; a condition of higher IAA concentration which, moreover, 
would not be possible to detect in the germination test. That such a con- 
version has not taken place is probable since no indications are found of the 
presence of any free IAA in extracts not treated with PCIB (Figure 1). 

Concerning the third value of the amount of the complex-active IAA it 
will therefore instead be assumed that the reason why this value is somewhat 
higher than the two others may be the fact that a smaller portion of IAA is 
set free from inactive storage forms by a displacement from the PCIB present. 
However, no such type of formation of free IAA has been reported, but it 
should be pointed out that Skoog (1947) regarded the actions of the syn- 
thetic growth substance 2,4-dichlorophenoxyacetic acid as possibly arising 
from a competitive release of auxin from its inactive protein storage forms. 
In this way the level of free auxin would be increased in the plant, thus 
influencing the growth. 

From the foregoing discussion it may be concluded that the free, short- 
time extractable auxin IAA is present in the wheat root material at a con- 
centration of 0.8 ug. per kilogram fresh roots, while the IAA bound in the 
active complex is present in a concentration of 0.3 ug. per kilogram fresh 
roots. 

Pilet and Siegenthaler (1959) reported that the concentration of the free 
IAA form in the lentil root is about 1 ug. per each gram of protein nitrogen. 
This would mean that the free form in this tissue is present in an amount of 
about 160 ug. per kilogram protein. 

The protein content in wheat roots, under the cultivation conditions used 
here, is 16 per cent of the dry weight (cf. Burström 1951, Bosemark 1954). 
The content of IAA in the active complex may therefore also be expressed 
as 12 ug. per kilogram protein. 
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While the IAA that exists in the free form in the wheat root tissue and 
the IAA that is coupled to a receptor in the active complex discussed here 
are both present in rather low concentrations, it should be kept in mind 
that the bulk of the auxin present in the plant is stored as inactive complexes 
together with proteins or non-protein components; cf. the reviews on this 
subject by Larsen (1951), and by Gordon (1954). From these complexes 
auxin can be released by enzymatic activity, hydrolysis, or prolonged extrac- 
tion with non-polar solvents. 


Discussion of the active auxin 


The present active IAA complex has been studied here from the point of 
view that the complex acts as an inhibitor on growth (germination), and 
that its activity is however abolished in the presence of an antiauxin. An 
earlier study on intact roots (Fransson 1958) was actually also a demonstra- 
tion of inhibition caused by IAA, namely as an over-all inhibiting action of 
the auxin on cell elongation. 

When the antiauxin PCIB was added to isolated oat coleoptiles, Fransson 
and Ingestad demonstrated (1955) that the level of the free IAA increased, 
which was thought to be a result of competition. The question of whether 
or not the IAA which increases the level comes from a form in the coleoptiles 
in which the auxin is active as an inhibitor remains unanswered until more 
information is gained over the apparently fundamental difference in growth 
responses in shoot and in root tissues to additions of auxin and antiauxin. 

While the auxin IAA has been demonstrated to be present in wheat roots 
(Fransson 1958) as well as in an aqueous extract of such roots in a form 
which shows inhibition activity on elongation, there are fairly strong indica- 
tions that the auxin exists in the plant also in another active state where, 
contrary to the former state, auxin has stimulating influence on cell elonga- 
tion. Burström (1942) studied the osmotic and elastic properties of cell 
elongation in wheat roots and concluded that the elongation takes place in 
two separate phases. In the presence of IAA the first phase is stimulated 
while the second phase becomes retarded (Burström 1957). The second one 
is, however, dominating. This circumstance normally results in an inhibition 
of root growth in the presence of auxin. When an antiauxin (PCIB) is 
added to the tissue, the first phase is instead inhibited and the second one 
stimulated (Burström 1950). The inhibition of the first phase is, however, 
disguised by the second phase, and therefore the end result of the antiauxin 
addition will be a stimulation of cell elongation. 

Libbert (1957) contributed results which support the conception öf Bur- 
strom of the two phases. Libbert studied the cell elongation in roots of cress, 
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flax, and wheat and concluded that the process consists of two reactions 
overlapping each other: one which stimulates cell elongation and dominates 
at low auxin concentrations, and a second one which inhibits the elongation 
and dominates at higher auxin concentrations. Libbert proposes the hypo- 
thesis that the two reactions function in two separate growth centers, each of 
which governs a phase of elongation in the sense of Bürström. 

In the first growth center Libbert thus concludes that free IAA acts as a 
stimulator by being in some way adhered to the center. In the second center 
IAA exerts inhibiting action. In this case, however, the free form is not 
adhered directly to the center but the auxin is first combined to a complex 
with a specific cell component together with which the auxin then acts as 
an inhibitor. A competition from an antiauxin might then be demonstrated 
as a direct interference with auxin in the first growth center and as a more 
indirect action in the second center by an interaction with the complex- 
bound auxin. 

From this discussion of the two phases and of the two growth centers, it 
thus seems clear what results may be expected on an addition of an anti- 
auxin to wheat roots. According to Burström and Libbert the presence of 
the antiauxin will cause a release of IAA from the first growth center during 
the first elongation phase. The presence of the antiauxin will also result in 
a release of IAA from the IAA complex in the second growth center during 
the second phase of elongation. These two releases might then be demon- 
strated as resulting in an increase of the free IAA level. As the first phase 
in the presence of antiauxin will retard the elongation while the second 
phase will stimulate it, the end result will be a stimulation of cell elonga- 
tion. This because the second phase dominates over and disguises the 
first one. 

The results obtained by Fransson (1958) and those obtained in the present 
study concerning the consequences of an addition of antiauxin to root tissue 
and to root tissue extracts, namely the increase in the free auxin level, the 
increase of root cell elongation, and the increase of seed germination inten- 
sity are in accordance with the essential points on which the conceptions 
of Burström and of Libbert are based. 

In view of the foregoing discussion certain reservations must be made con- 
cerning the calculation of the concentration of the active auxin in intact 
roots made in this paper. It should be remembered that the figure on the 
concentration corresponds not only to the auxin coupled in the active com- 
plex but also to the IAA that is set free from the assumed first growth center. 
Since according to the literature reviewed above the auxin is concluded to 
operate in this center in rather low concentrations, the amount of the active 


auxin presented should be corrected by reducing it with a rather small figure. 
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In the literature there are a great number of reports on the existence of 
inhibitors in différent species and in different plant organs. Only a few of 
these inhibitors show similarity to the one of the present study, as they all 
have been shown to contain IAA or a growth substance of the indole group 
(Stewart 1939, Thimann 1939, Bentley and Bickle 1952, Libbert 1955 b). 

In other investigations on inhibitors these substances have not been demon- 
strated to contain an auxin component but they have on rather good grounds 
been assumed to do so. To this group belong inhibitors obtained from the 
scutellum and the coleoptile of maize (Pohl 1936, Skoog 1937, Voss 1939, 
Funke 1943), whose activity have generally been tested on the growth of 
Avena coleoptiles. The activity of the inhibitor from maize has also been 
bioassayed on the growth of cress roots (Pohl and Tegethoff 1949, Tegethoff 
1951), as well as on the growth of pollen tubes (Pohl 1951). Similar in- 
hibitors which also have been assumed to contain auxin have been demon- 
strated in oat seedlings (Funke and Söding 1948), and in potato tubers (Funke 
and Söding 1948, Meyer 1950, Baumeister 1951). However, it should be 
pointed out in this connection that the existence of the maize inhibitor dis- 
cussed above was doubted by Bohling (1959) who chromatographed ethanol 
extracts of maize scutella and bioassayed them on the elongation of Avena 
coleoptiles. 

In numerous papers still other types of inhibitors have been reported to 
exist in such plant organs as buds, leaves, pollens, roots, seeds, stems, and 
potatoes. However, in these studies the eventual auxin component of the 
inhibitors was not investigated. The reader is referred to the recent review 
by Bentley (1958) on the vast literature over such inhibitors. 


Summary 


In aqueous extracts of wheat roots a factor is present which inhibits the 
germination of cress seeds. 

The inhibitor is difficultly soluble in ether. 

When the antiauxin p-chlorophenoxyisobutyric acid (PCIB) is added to 
the aqueous extracts, these lose their inhibiting influence on germination. The 
inhibition is restored by a subsequent addition of indole-3-acetic acid (IAA). 

An increase of the concentration of the free form of the auxin IAA is 
demonstrable in the aqueous extracts after the addition of the antiauxin. 

It is concluded that IAA and PCIB interfere with each other in a true 
exchange process and that a connection exists between the change in inhibiting 
activity and the higher IAA level. The inhibitor is assumed to be identical 
to that compound which releases IAA during the exchange. 
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The time-factor of the exchange is studied as well as the lowest con- 
centration of PCIB at which the exchange can be detected to take place. 

It is concluded that the inhibitor is a complex of which IAA is an integral 
part. À calculated figure of the amount of this IAA form is presented. 

The chemical nature of the complex has been studied and it is assumed 
that the non-auxin component in the complex may be a peptide. 

The conclusion is drawn that the inhibitor auxin complex really represents 
an active state of the auxin IAA in wheat roots. 


The author is very much indebted to Professor H. STE for valuable criticism 
of the discussion of this study. 
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The widespread occurrence of auxins in the plant kingdom is common 
knowledge, and the presence of indole growth substances usually can be 
demonstrated by appropriate techniques. The purpose of this study was to 
find out if mycorrhizal fungi could produce any of the common auxins, what 
compounds they were, and approximately how much auxin could be ob- 
tained. Slankis’ (1948) work with excised roots of Pinus sylvestris implied 
that auxins were secreted by the mycorrhizal fungus, Boletus variegatus, but 
no identification of the auxin was made. 

The early work of Nielsen (1928, 1932) showed that the media in which 
Rhizopus suinus and Absidia ramosa grew, as well as extracts of dried sporo- 
phores of Boletus edulis, contained a thermostable substance which gave a 
positive Avena curvature characteristic of a growth substance. These extracts 
were stable to alkali and labile in acid which indicated a similarity of the 
active growth principle. Thimann (1935) was able to relate the auxin pro- 
duced by R. suinus to the tryptophan content of the medium and identified 
the auxin as indoleacetic acid (IAA). 

More recently, studies employing modern methods to characterize specific 
compounds have demonstrated auxin production by other fungi and by 
bacteria. Diplodia, a member of the Fungi Imperfecti, grew uniformly on 
synthetic media and.synthesized IAA both in the presence and absence of 
tryptophan (Gentile and Klein 1955). Mildewed barley leaves produced IAA, 
as identified by Ehrlich spray, but IAA could not be extracted from unger- 
minated spores (Shaw and Hawkins 1958). It could not be determined whether 
the fungus or the barley leaf was responsible for the large amount of IAA 
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found. Pilet (1952) found that the auxin content of leaves of Sempervivum 
infected with Endophyllum sempervivi was 1,000 times higher in infected 
leaves (10-* M IAA) than in uninfected leaves (1077 M IAA), as determined 
by the Avena coleoptile curvature test. Wolf (1956) reported that Gymno- 
sporangium juniperi-virginiana grown on a medium containing tryptophan 
produced amounts of [AA similar to the auxin content of rusted tissue re- 
ported by Pilet. After 24 days on shake culture there was a concentration of 
10-4 M IAA in the medium as measured colorimetrically by Salkowski rea- 
gent (FeCl; in strong acid). Wolf has therefore suggested that IAA is produced 
by the fungus from tryptophan supplied by the host. Berducou (1949) also 
used the Salkowski color reaction and identified IAA in the medium in which 
Nectria galligena had grown for four weeks. Tests for IAA were negative 
with N. cinnabarina. 

The recent studies of Kaper and Veldstra (1958) bring new evidence for 
the pathways of tryptophan metabolism to IAA. The crown gall organism, 
Agrobacterium tumefaciens, converted tryptophan into IAA, indolepyruvic 
acid (IPyA), tryptophol (Tol), and indolelactic acid (ILA), depending upon 
the cultural conditions. Under anaerobic conditions, ILA and Tol were formed 
almost exclusively unless a hydrogen acceptor was added. In the presence of 
methylene blue under anaerobic conditions, IAA and Tol were formed. The 
optimum incubation period for IAA formation was 23 hours on shake cul- 
ture. Longer periods resulted in accumulation of IPyA and Tol. The chemi- 
cals were identified by chromatography and ultraviolet absorption spectra. 


The following abbreviations are used: indoleacetic acid (IAA), indoleacetonitrile 
(IAN), indolealdehyde (IAl), indolebutyric acid (IBA), indoleglycolic acid (IGA), 
indolelactic acid (ILA), indolepyruvic acid (IPyA), tryptophol (Tol), tryptophan 
(Tryp). | 


Materials and Methods 


Culture of mycorrhizal fungi 


Pure cultures of eleven mycorrhizal fungi were obtained from Dr. Edward Hac- 

skaylo of Beltsville, Md., Dr. Nils Fries of the Institute of Physiological Botany, 
Uppsala, Sweden, and from isolations made by the writer from sporophores collected 
under redwood or Monterey pine stands in the Berkeley area. 
Stock cultures were maintained in screw-cap test tubes on Hagem agar (Fries 
1943) having the following composition per liter: 5.0 g. malt extract, 5.0 g. glucose, 
0.5 g. KH;PO,, 0.5 g. MgSO, : 7H,O, 0.5 g. NH,Cl, 15 g. agar, and 1/2 ml. of a 1 % 
solution of FeCl;. The composition of liquid Hagem medium was the same, except 
for the omission of agar. The malt extract powder was not uniform from one lot 
to the next. The darker colored powder gave better growth of mycelium. Malt 
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extract powder was freed of small amounts of IAA by washing with three aliquots 
of wet diethyl ether whenever it was to be used as a test medium in auxin produc- 
tion experiments. 

The inoculum for starting a fungus mat was obtained by aseptically scraping the 
mycelium from the top of an agar slant into 10—20 ml. of liquid Hagem medium 
in a Waring Blender. After 10—20 seconds of blending, the medium containing the 
pieces of mycelium were added to approximately 400 ml. of Hagem liquid medium 
in a 2,000 ml. wide-bottom culture flask. The flask was placed in static culture in 
the dark until a mat of mycelium developed over most of the surface of the medium. 
Boletus badius and Coprinus comatus developed a mat in three to four weeks, but 
all of the other species required at least four months, and up to a year for Amanita 
frostiana. 

The metabolism of each species was studied by decanting the growth medium 
from the mat of mycelium, rinsing the mycelial mat with sterile distilled water, 
and adding a fresh medium containing tryptophan to the same flask (Foster 1949). 
Sterile glass wool served to retain the mycelium in the flask. In the shake culture 
experiments, the 2,000 ml. flasks were placed on a horizontal shaker, which had 
a stroke of 3 cm. with 68 cycles per minute. 

IAA was produced by the fungi under both static (23°C) and shake culture 
(25°C) conditions when tryptophan was added either to the liquid Hagem medium or 
to a modification of the synthetic medium of Lilly and Barnett (1953). This latter 
medium contained 10 g. glucose, 1.0 g. tryptophan, 2.0 g. asparagine monohydrate, 
1.0 g. KH2PO,, 0.5 g. MgSO, : 7Hs0, 2.0 mg. iron sequestrene, 1.8 mg. ZnSO, -7H.O, 
0.4 mg. MnSO, : 4H20, 100 ug. thiamin, and 5 ug. biotin per liter. An accumulation 
of acids in the liquid fungus media was prevented by the addition of a piece of 
2 °/o agar gel containing solid CaCO;, thus preventing the destruction of IAA at a 
low pH (Foster 1949). 


Extraction and identification of indole compounds 


The nutrient media in which mycorrhizal fungi had grown were acidified with 
HCl to pH 2.5—2.7 and extracted immediately with three aliquots of peroxidefree 
ether. The ether aliquots were combined and dried by anhydrous MgSO, before 
evaporating to dryness at 50°C under the hood. 

Ascending paper chromatography was used to separate the indole compounds 
extracted from the fungus medium. The diied extract was dissolved in a small 
amount of isopropyl alcohol and aliquots placed in spots along a line 2.5 cm. from 
the bottom of a 20 cm. square sheet of No. 1 Whatman filter paper. The spots 
were dried with warm air from a small hair dryer placed about fifteen cm below 
the filter paper. Spots of known indole compounds were placed on each paper for 
reference. The edges of the filter paper were then stapled to make a cylinder which 
was lowered into 45 ml. of solvent in a two-quart wide-mouth Mason jar. Aluminum 
foil covered the inside of the lid to prevent the lacquer of the lid from dissolving 
and dripping into the jar. The lid was screwed tightly and the jar placed in a dark 
cabinet in the laboratory for approximately six hours. The solvent front ascended 
about 15 cm. beyond the origin in this time. The six-hour period of exposure to the 
solvent did not destroy small amounts (20 ug) of such unstable or volatile indole 
compounds as skatole or indole, whereas they disappeared during a 12—18 hour 
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period of contact with the solvent. Experiments were run at a temperature of 22°C 
or 23°C. The solvent used for separating the indole compounds was isopropyl 
alcohol, ammonia (28 °/o NH3), water (Stowe and Thimann 1954, Sen and Leopold 
1954) in the proportion 8:1: 1. 

The Ehrlich spray reagent was prepared by dissolving 2.0 g. p-dimethylamino- 
benzaldehyde in 80 ml. 95 °/o ethyl alcohol and making up to 96 ml. with concen- 
trated HCl. The Salkowski reagent, as modified by Gordon and Weber (1951), con- 
tained 0.01 M FeCl, in 35—36 °/o perchloric acid and was diluted with an equal 
volume of absolute ethyl alcohol for use as a spray. The Salkowski spray was ten 
times as sensitive as the Ehrlich spray reagent, and could detect 0.1 ug. of IAA 
at the lower limit. Color intensity and size of an IAA spot were proportionel to 
the concentration of IAA between 0.1 and 1.0 ug. IAA, so with proper dilutions of 
the sample, it was possible to estimate the concentration of IAA more easily than by 
running Avena section tests. Known amounts of IAA (0.1, 0.5, and 1.0 ug) were run 
on such chromatograms for accuracy of interpolation. 


The Avena coleoptile section test as described by Nitsch and Nitsch (1956) was used 
for bioassay of chromatograms. Brighton or Victory varieties of Avena sativa were 
sensitive to small concentrations of IAA, but the Kanota variety was not satisfactory. 
Prior to germination the Avena seeds were place in loose bags of mosquito netting, 
sterilized in 10 °/o Chlorox for 15 minutes, and then soaked in running water with 
vigorous aeration for approximately 15 hours. After soaking, the seeds were 
spread out on tinned germinator screens over a pyrex glass baking dish filled with 
distilled water, according to the method of Hoagland and Broyer (1936). The sen- 
sitivity of the coleoptiles to low concentrations of IAA was increased by bubbling 
air through sintered glass aerators in the water during the germination period. The 
germinators were left 18 inches below a 25-watt ruby-red photographic safety light 
for 24 hours to inhibit first internode elongation, and then left in darkness until 
the seedlings were 96 hours old. At this stage of development, the coleoptiles were 
from two to three centimeters long. Coleoptiles approximately 2 cm. in length were 
selected, since longer coleoptiles were somewhat less sensitive to auxins. Starting 
from the tip, the first 3 mm. and the next 4 mm. of the coleoptile were cut off at 
the same time by placing the coleoptile on a block of paraffin and cutting it with 
parallel razor blades. The 3 mm. tips were discarded and the 4 mm. sections were 
soaked in 1 ppm MnSO, : H,0 for three hours to increase their sensitivity by remov- 
ing endogenous IAA (Nitsch and Nitsch 1956). The primary leaf was not removed 
from these sections. Cutting of the coleoptiles and subsequent manipulations were 
carried out under the ruby-red safety light, since sections cut under this red light 
grew more in known IAA concentrations than sections cut in complete darkness or 
under a 15-watt green fluorescent light wrapped with two layers of green plastic 
and two layers of yellow plastic sheeting. After three hours of soaking, ten coleoptile 
sections were floated on 5 ml. of test solution in each 5 cm. petri dish. The test 
solution contained 2 °/o sucrose and was buffered at pH 5.1 with 1.794 g. KH;PO, 
and 1.019 g. citric acid monohydrate per liter (Nitsch 1955). Each dish contained a 
known concentration of IAA, or a filter paper square from a chromatogram. Early 
chromatograms were cut into six segments, later ones into eight, making 2 or 21/2 
cm. squares. The test solutions with 4 mm. coleoptile sections were incubated for 
20 hours in a dark room maintained at 25°C and a relative humidity of 80 °%/o. 
The final length of the coleoptiles was measured under a microscope to the nearest 
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0.01 mm. Air entering Avena dark room passed through an activated charcoal filter to 
remove smog, and there was also a charcoal filter in the air circuit for the sintered 
glass aerators. 


Colorimetric determination of IAA oxidase activity 


The disappearance of [AA from a known solution in contact with plant material 
was interpreted as due to IAA oxidase activity. IAA concentration was determined 
with the Salkowski reagent according to the method of Tang and Bonner (1947). 
The Salkowski reagent was composed of 5 ml. of 0.5 M FeCls, 167 ml. distilled 
water and 100 ml. HSO, of sp. gr. 1.84. IAA solutions were prepared at a concentra- 
tion of 20 mg/l. in one-fourth strength MclIlvaine’s buffer at pH 6.6. Stock solution 
of the buffer was prepared with 58.2 ml. of 0.5 M Na>HPO, and 10.9 ml. of 0.5 M 
citric acid and made up to 200 ml. 

Aliquots of the IAA solutions being tested for oxidase activity were taken at fifteen 
minute intervals during the first hour and at hourly intervals after that until all 
the IAA had disappeared or there or there was no further change in concentration. 
Eight ml of the Salkowski reagent were put into a test tube and a 2 ml. aliquot of 
the IAA+IAA oxidase reaction mixture added to it and mixed thoroughly. Fifteen 
minutes later the color was at its greatest intensity and was measured on a Coleman 
spectrophotometer at a wave length of 530 mu. 


Results 


Fresh sporophores of Boletus granulatus and B. californicus were collected 
by the writer under a stand of Pinus radiata in the Berkeley hills. The sporo- 
phores were lyophilized and extracted two times (24 hours at 5°C each) with 
wet ether. The extracts were combined and interfering brown pigments were 
eliminated in the extract by adding a saturated aqueous solution of NaHCOs 
and extracting with ether (Boysen-Jensen 1937). The pigments were discard- 
ed in the ether at this time, and the IAA stayed in the aqueous phase. The solu- 
tion was then acidified to pH 2.8 with HCl and extracted again with ether. 
B. californicus (7.8 g. dry weight) did not give an IAA spot on a chromato- 
gram, either because (1) of insufficient material, or (2) IAA was chemically 
bound in the sporophore, or (3) possibly it was not produced by the fungus. 
In 25.5 g. dry weight of B. granulatus there was approximately 1.0 ug. of 
IAA as judged from R;, color intensity, and spot size (Table I, 3). More of the 
auxin was released by prolonged ether extraction at 5°C (Table I, 4) suggest- 
ing that IAA may be chemically bound in the sporophores. R; as used here 
is defined as the ratio of the distance the compound moved on the paper 
(measured at the center of the spot), to the distance moved by the solvent. 

The object of this research was to find conditions under which the mycorr- 
hizal fungi in culture would produce 1AA or similar growth substances in 
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Table 1. Chromatograms showing positions of indole compounds extracted from sporo- 
phores or media in which mycorrhizal fungi had grown. 
SALKOWSKI J SPRAY Re 
0,0 0.5 1,0 
|. Standards: IGA, IAA, IAI, [AN 16a (Oo )(P}1aa TAL @RÜB QIAN 
2. IPyA 
3. Boletus granulotus Lyophilized Extr 48 hr 
4. B granulatus sporophores Extr 2 mo 
EXTRACT PERIOD MEDIUM 
5. B badius 6 wk Syn --30 mg/l Tryp 
6. B. bodius | wk- shake Syn --0.1% Tryp 
7. B. bovinus 3 wk Molt--30 mg/I Tryp 
8. B felleus 9 mo Molt--30 mg/l Tryp 
9. B. gronulatus 3 mo Malt--no Tryp 
10. B. luteus 2 mo Malt--30 mg/l Tryp 
11.8 voriegotus 3 da-shake Syn --0.1% Tryp 
12, Amanita caesaria 3 mo Maolt--30 mg/l Tryp 
13. A frostiana 7 mo Malt--30 mg/l Tryp 
14, A. muscario 9 da Syn --no Tryp 
15. A muscaria 3 da-shoke Syn --0.1% Tryp 
16. A rubescens 2 wk -shake Syn--01% Tryp 
17. Coprinus comatus | wk -shake Syn--Ol% Tryp 
18. C comotus 24 hr 20 mg/I TAA 
EHRLICH SPRAY 
19, Standards: IGA, IAA, IAI, IAN 
20. IPyA 
IE SEM" MEDIUM 
21. B. bodius | wk- shake Syn --O1 % Tryp 
22. B. badius 6 wk Syn --30 mg/l Tryp 
23, B variegatus 3 da-shake Syn --01% Tryp 
24, A. caesaria 3 mo Molt--30 mg/l Tryp 
25. A trostiana 7 mo Malt--30 mg/l Tryp 


A muscaria 3 do - shake Syn —-O.1% Tryp Elo +) (a) 
A rubescens 2 wk-shake Syn --01% Tryp Sor, Cs) CG ety) 


C comatus | wk- shake Syn --01% (aX x) > Cr.) Cy) 
C comotus 24 hr 20 mg/IAA (©) ©] @D (8 ) (X) Clos 


Physiol. 


* Appears three days after spraying “a Strong sweet fragrance 
Solvent used: isopropyl alcohol,ammonia, water— 8:l:1. 


COLOR z CODE 


+ Intense color — Pale color 
B Blue Br Brown DR Deep Red G Gray Gn Green L Lavender 
© Orchid —J Pinkish 
fr, On Orange P Pink Pr Purple Y Yellow 
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Figure 1. Avena coleoptile section tests (°/o coleoptile growth) of extracts of Hagem media 
in which Boletus variegatus or B. granulatus or B. luteus grew. The extracts 
were not chromatographed. 

A. One-half of entire extract of medium (no tryptophan added) in which 30 g. (wet wt.) 
of B. variegatus had grown in three months. 

B. Sixty percent of entire extract of medium (no tryptophan added) in which 10.6 g. 
wet weight of B. granulatus had grown in three months. Twenty percent of the extract 
gave a pink spot (R, 0.4) on a chromatogram (Table I, 9). 

C. One-half of entire extract of medium (30 mg/l. tryptophan) in which 3.6 g. wet weight 
of B. luteus had grown in two months. A small portion of the extract gave an intense 
pink spot on a chromatogram (Table I, 10). Therefore the concentration of IAA in the 
Avena test was probably close to an inhibitory range. 


sufficient quantities for identification. Since the solution in which Rhizopus 
had grown was found to contain IAA (Thimann 1935), it was believed that 
the mycorrhizal fungi would secrete, or excrete, IAA into the medium under 
suitable conditions. 

B. variegatus, and B. granulatus growing on the liquid Hagem medium 
without added tryptophan produced IAA as identified both by the Avena 
section test and chromatographically (Table I, 9, 11, Figure 1). It can be 
seen in Table I that a spot running at the same R; and giving the same color 
reactions as IAA can be extracted both from lyophilized sporophores of B. 
granulatus and from the Hagem liquid medium in which a pure culture of 
the fungus had grown for three months, Since the medium contained no 
supplemental tryptophan other than that supplied by the malt extract, it 
suggests that B. granulatus mycelium synthesized IAA quite effectively, and 
also that no IAA-destroying system was present in the mycelium. An ether 
extract of the B. granulatus medium was added directly to the petric dish, 
and the ether evaporated off before the buffered growth medium and Avena 
coleoptile sections were added. There was good growth response, which 
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shows that growth inhibitors were not extracted from the medium along 
with the auxin (Figure 1, B). 

When B. variegatus was grown on liquid synthetic medium with 0.1 °/o 
tryptophan, the main indole compound which showed up on the chromato- 
gram appeared to be IAA (Table I, 11). It had growth-promoting properties 
as seen in Figure 1, À, although not as much as with B. granulatus. With 
B. variegatus one half of the extract of the medium in which 30 g. fresh 
weight of mycelium had grown produced less growth of Avena coleoptile 
sections than on IAA concentration of 0.2 mg/l. In comparison, a little over 
half the extract of medium in which 10.6 g fresh weight of mycelium of 
B. granulatus had grown gave better growth of Avena coleoptile sections than 
an IAA concentration of 1 mg/l. Thus, one third the amount of mycelium 
of B. granulatus gave approximately five times as much growth of Avena 
sections. Under these conditions B. granulatus mycelium was 15 times as 
efficient in producing IAA as the mycelium mat of B. variegatus. When 
B. variegatus was grown for three days in shake culture with 0.1 °/o trypto- 
phan, and the extract co-chromatographed with IAA and IAN, using water 
as the solvent, IAA ran as a single spot, and IAN was not detected in the 
fungus extract. Salkowski spray was used on this chromatogram. 

The other mycorrhizal fungi grown on liquid Hagem medium without 
added tryptophan did not produce IAA in amounts which could be detected 
either by the Avena section test or by chromatographic methods. However, 
when tryptophan was supplied in the medium, three kinds of reactions were 
found to take place in the indole metabolism of these fungus plants. With 
one group, which is represented by B. variegatus, B. bovinus, B. luteus, B. 
felleus, and B. granulatus, IAA is the stable end product of tryptophan meta- 
bolism. B. bovinus mycelium produced IAA from tryptophan as seen in table 
I, 7. An estimate of IAA concentration was made by comparing size and color 
intensity of known amounts of IAA on the same chromatogram. The entire 
mycelium extract, after drying, was taken up with 0.5 ml of isopropyl alcohol. 
A spot corresponding to 5 ug of IAA was detected in .05 ml of this extract. 
Therefore, 200 ml. of a static nutrient solution, containing initially 30 mg/l 
tryptophan, yielded 50 ug of IAA, or 1.4X10-6 M IAA after one month of 
growth. 

B. felleus grew slowly in Hagem liquid medium containing 30 mg/l. tryp- 
tophan. After nine months the medium was decanted and extracted with 
ether. The first extraction, at pH 5.1, gave a neutral indole compound with 
the same R; as IAN. The color given by Salkowski spray showed that it was 
not IAN, since IAN gives a blue spot with Salkowski and the neutral spot 
gave a yellowish-pink color. The ether extract of the B. felleus medium at 
pH 2.8 showed an IAA spot (Table I, 8). 
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Figure 2. Avena coleoptile section 
tests (°/o coleoptile growth) of chro- 
matographed ether extracts of Bole- 
tus badius grown on liquid Hagem 
medium one month with tryptophan 
supplements. 


% 
150 


140 


130 


120 


110 


100 


90 


COTON 


IAA IAA 
bu a ea i 
‘yaad aoa eal be al 
on tos’ Fro 0 05 10Rf 
10 mg/l TRYPTOPHAN 20 mg/l 


= 0.2mg/l IAA 


The extract of Hagem liquid medium with 30 mg/l. tryptophan in which 
B. luteus grew two months had growth 
optile sections (Figure 1, C). B. luteus produced IAA as determined by co- 
chromatographing the extract with IAA (Table I, 10). 

B. badius is in a second group of mycorrhizal fungi which carry out 
tryptophan metabolism to end products other than IAA. Culture periods 
longer than a week resulted in the accumulation of many compounds which 
gave positive spray reactions with Ehrlich and Salkowski reagents (Table I: 
5, 22). A yellow spot (with Salkowski) was repeatedly shown at the same Ry 
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promoting activity for Avena cole- 


Figure 3. Optical density curve show- 
ing disappearänce of IAA (20 mg/l) 
from unbuffered synthetic medium in 
contact with Boletus badius mycelium. 
Details of colorimetric method for IAA 
oxidase measurements given in text. On 
the ordinate transmittance °/o. - - - con- 
trol (IAA alone). fungus in IAA. 
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Figure 4. Optical density curve showing dest- 
ruction of IAA (20 mg/l in buffered synthetic 
medium) by mycelium mat of Coprinus coma- 
tus. See text for explanation of method. On 
the ordinate transmittance °/o, --- control 
(IAA alone), — fungus in IAA. 


246 12 24 HOURS 


as IAA which becomes pink when sprayed. The chemical giving the yellow 
spot had no growth-promoting properties with Avena sections, as seen in 
figure 2. However, B. badius could produce IAA, as was shown by using a 
0.1 °/o tryptophan medium on shake culture for one week (Table I, 6, 21). 
This suggested that IAA was an intermediate product in the pathway of 
tryptophan metabolism. The theory was tested by incubating B. badius 
mycelium with 20 mg/l. IAA and following the disappearance of IAA by 
the method of Tang and Bonner (1947). The optical density curve (Figure 3) 
showed a rapid decrease in concentration of IAA, but a chromatogram of 
the ether extract of a 24 hour sample of the reaction mixture showed that 
IAA was still present in the medium at that time. 

The other member of this second group of fungi was Coprinus comatus, 
and its IAA oxidase system was so effective (Figure 4) that it was not 
possible to isolate IAA from any media in which it grew. After C. comatus 
was incubated with 20 mg/l. IAA for 24 hours the ether extract of the medium 
was chromatographed and many spots appeared (Table I: 18,29). One of 
these spots had a color (Salkowski spray) and R; similar to the indolealde- 
hyde (IAl) on the same chromatogram (Table 1,18). This compound (IAl) 
has a characteristic reaction with Salkowski spray which is different from 
other indole compounds. There is no color on the sprayed paper the day it 
is sprayed when 10—20 ug. spots are applied, but a rose-colored spot appears 
the next day, and becomes deeper in intensity with time. Therefore, when 
an unknown spot at the same R; as IAl also shows the same delayed appear- 
ance of a deep rose color, it is likely that the unknown compound is also IAl. 
The IAA solutions do not spontaneously decompose to give these compounds, 
so the appearance of additional spots must have been due to the metabolism 
of the fungus mycelium. IAl could not be detected on chromatograms of 
the extracts of media in which C. comatus was incubated with 0.1 °/o trypto- 
phan for one week (Table I:17). The mycorrhizal relationships of this 
fungus were not checked. 
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The Amanita species studied do not fit into either of the above groups, 
although IAA has been repeatedly demonstrated in chromatograms of their 
extracts. The difference lies in the simultaneous production of many other 
compounds showing color reactions with Salkowski and Ehrlich sprays. 
These products were probably indole compounds and may indicate a complex 
pathway of tryptophan metabolism. À. caesaria produced not only IAA, but 
also other compounds which gave a positive reaction with Ehrlich spray 
(Table I: 24). The pattern of spots resembled the breakdown products of 
synthetic indole pyruvic acid (IPyA) which appeared during alkaline condi- 
tions of chromatography (Kaper 1957). A sample of IPyA was kindly fur- 
nished by Professor Veldstra (University of Leyden, The Netherlands), and 
simultaneous chromatography with the extract of A. caesaria showed that 
there were several differences (Table I: 20 and 24). The upper part of the 
chromatograms did not show the same spots, and there was a blue-green 
spot from the fungus extract just below [AA, which did not occur with IPyA. 
Indole glycolic acid (IGA) was synthesized as described by Greenburg et al. 
(1957) and used as a standard. A spot similar in color and R; showed on 
the IPyA picture (Table I: 20), but if it was present in the extract of A. 
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caesaria (Table I, 24) the pink color with Ehrlich spray was masked by 
slowmoving material of the blue-green spot immediately above it. Using 
water as a solvent, synthetic IGA ran near the front, and did not appear in 
the fungus extract, but IAA was present in the fungus extract. It appears 
that IPyA and IGA are not formed as a major product by this fungus under 
the cultural conditions used. 

Amanita frostiana required a year to develop a mycelium mat which could 
be tested for its tryptophan metabolism. After eight additional months on 
liquid Hagen medium containing 30 mg/l. tryptophan, extracts were found 
to contain IAA and some other indole compounds shown in Table I: 13, 25. 
A compound near the front was not IAl, and probably not IAN, but no other 
information is known about it. 


A. muscaria was variable in its products, which may indicate that one 
intermediate predominated at one time and another under slightly different 
cultural conditions. The Avena coleoptile test of an extract from an A. mus- 
caria mat grown for nine days on a completely synthetic medium (without 
tryptophan) gave strong growth promotion in an area of Rr=0.28, (Figure 
5, A), while IAA on the same chromatogram had an R; of 0.44. The color 
reaction with Salkowski spray was pink for both spots (Table I: 14). During 
a short time experiment (three days) on shake culture with 0.1 °/o tryptophan 
in the Lilly-Barnett synthetic medium, the mat of A. muscaria gave a strong 
concentration of IAA in the ether extract of the medium (Table I: 15, 26). 
Other spots were not identified, but possibly IGA was present. IGA runs at 
a lower R; than IAA and was shown by Greensburg et al. (1957) to have 
auxin properties in the pea section test. The activity in Figure 5 A might 
be due to this compound. 

The extracts (Table I: 16, 27) from a shake culture of A. rubescens grown 
on the Lilly-Barnett medium containing 0.1 °/o tryptophan showed many 
spots similar to those of A. caesaria. IAA was produced from the tryptophan 
of the medium as shown also by Avena activity in Figure 5, B. Possibly IGA 
was also produced. 


More work needs to be done with these fungi to understand the nature of 
the indole compounds produced and the effects of various environmental 
conditions on their production. 


Physiol. Plant., 13, 1960 


AUXIN PRODUCTION BY MYCORRHIZAL FUNGI 441 
Discussion 


Three types of auxin metabolism were observed in solutions in which pure 
cultures of mycorrhizal fungi had grown. It is interesting to note that fungi 
which are reported to cause the formation of “Knollenmykorrhiza” (Melin 
1923) are able to produce detectable IAA in a medium containing no added 
tryptophan. Boletus variegatus, B. granulatus, and B. luteus all produced 
IAA more readily than any of the other species studied. 


Other Boletus species, with one exception, also synthesized IAA from 
tryptophan. This exception, B. badius, would be an interesting fungus to 
study, in order to find conditions and causes for different pathways of 
tryptophan metabolism. Since IAA could be detected early from B. badius 
shake culture solutions containing a high tryptophan content, IAA may 
be an intermediate compound. Many other things could be happening, too, 
and any suggestions at this point are only speculations. Since Andreae and 
Good (1955) have shown that IAA is conjugated with aspartic acid when 
pea tissue was incubated in 30 mg/l. IAA, such a conjugation might occur in 
solutions where B. badius had grown. The writer made organic acid chro- 
matograms of extracts from B. badius solutions to compare with known 
organic acids, and aspartic acid ran at the same R; as an acid spot in the 
fungus extract, using a solvent of n-butanol, formic acid, water (95 : 5 : 11). 
The chromatograms were sprayed with brom-cresol-green to show the acids. 

Coprinus comatus was shown to have an active enzyme system for destroy- 
ing IAA and represents another interesting plant to study for pathways of 
indole metabolism. Since this species grew more rapidly than others studied, 
it might be possible to isolate enzyme systems from the mycelium or the 
solution. It would be interesting to compare its activity with that of the 
Omphalia flavida enzyme which has been studied extensively by Ray (1956). 

The Amanita species all produced IAA when tryptophan was furnished 
as a substrate, but other compounds could also be detected. Some of these 
may be indole compounds, and some may be aromatic amines which give a 
yellow color reaction with Ehrlich spray (Block et al. 1958) or phenolic 
compounds which also give colors with Ehrlich (Steelink 1959). Identification 
of these Ehrlich-positive compounds is incomplete, but spots resembling IAl 
and IGA have been detected on chromatograms. Comparison with synthetic 
IPyA indicates that IPyA is not likely to be detected in the fungus extracts 
under the cultural conditions used, although different conditions might per- 
mit its isolation. 

It was possible here to show the production of IAA by most of the mycorr- 
hizal fungi, but this required a large mycelial mat and a long growing period 
or the presence of a high concentration of tryptophan. 
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Summary 


The mycorrhizal fungi studied could be classified into three groups on 
the basis of their indole metabolism. 

1. The first group includes all species of Boletus except B. badius. These 
fungi produced IAA even without tryptophan if the mycelium was pro- 
‘vided with a medium for rapid growth. The slow-growing species re- 
quired tryptophan to produce measurable amounts of IAA. Other indole 
compounds were not often detected in this first group. 


2. The second group includes two unrelated species. Boletus badius produced 
IAA from tryptophan in short-term experiments, but in experiments last- 
ing more than a few days, IAA was no longer detected. Other compounds 
having the indole nucleus were found on the chromatograms, but their 
identity is not known. Coprinus comatus was shown to have an active 
IAA oxidase system, converting IAA into at least eleven other compounds 
in 24 hours. One of these compounds was probably indole aldehyde. 


3. The Amanita species comprise the third group, which. produced IAA, 
along with many other indole compounds which have not yet been satis- 
factorily identified. 


The author is grateful to R. N. Colwell, R. G. Stanley, and S. L. Krugman, who 
critically reviewed the manuscript, and to the Foundation for American Resource 
Management for a grant-in-aid which facilitated the research. Dr. David Racusen, 
who was then with the Shell Development Corporation, Modesto, California, kindly 
supplied indolealdehyde and indoleacetonitrile. 


This work was part of the research described in a thesis submitted to the Graduate 
Division of the University of California in partial satisfaction of the requirements 
for the degree of Doctor of Philosophy. 
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Most work involving the use of 3-amino-1,2,4-triazole (amitrol) was con- 
ducted primarily to study its effectiveness as an herbicide or defoliant. Few 
investigators have studies the effect of this chemical on physiological or 
biochemical processes. Heim et al. (2), Pyfrom et al. (5), and Palmer and 
Porter (4) have reported that amitrol depressed catalase activity. A reduction 
in peroxidase activity following amitrol infection into rats was reported by 
Heim et al. (2). 

McWhorter and Porter (3) found that treatment of corn with amitrol 
affected terminal oxidation and respiration of corn leaf tissue. Although 
environmental conditions in which treated plants were grown affected res- 
piration, respiratory quotients of*plants grown at 30—35°C were 0.80 to 0.88 
while respiratory quotients of control tissue approached unity. The following 
investigation was initiated to study some of the effects of amitrol on the 
metabolism of corn plants. 


Methods 


Corn plants (Zea mays L.) var. Dixie 18 were grown in the greenhouse (30—35°C) 
in sand and on alternate days the sand was flushed with Hoagland solution which 
was adjusted to pH 5.4. Treated plants were obtained by applying Hoagland solution 
which contained 80 mg/l. of amitrol to 4- or 5-day-old corn seedlings. Plants were 
harvested for study when 11 or 12 days old. 
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Respiratory activity of whole tissue and homogenates was determined using a 
Warburg respirometer and conventional methods described by Umbriet et al. (7). 
Methods of preparing whole tissue and homogenates have been previously described 
(3). Duplicate or triplicate flasks were used for each treatment and each experiment 
was repeated at least once. All of the respiratory inhibitors used on whole leaf 
tissue were vacuum infiltrated into the tissue in addition to being added to the 
respiratory substrate in the flasks. The vacuum infiltration sequence has been 
described (3). Assay for aldolase activity was according to the procedure of Sibley 
and Lehninger (5). Fats were extracted in a Soxhlet apparatus with purified ethyl 
ether as the solvent while total carbohydrates were determined colorimetrically using 
anthrone as the color reagent. 


Results and Discussion 


A summary of 20 respiratory assays involving untreated plants and chlo- 
rotic tissue from amitrol-treated plants showed that the tissues had average 
respiratory quotients of 1.01 and 0.82 respectively. On the basis of these 
values, it was assumed that untreated tissue was metabolizing carbohydrates 
while chlorotic tissue was respiring proteins or fats either alone, in some 
combination or possibly metabolizing both of these substrates in combination 
with carbohydrates. Analyses of these tissues for carbohydrate content 
showed that amitrol-induced chlorotic tissue contained 51.00 %o (dry wt.) 
total carbohydrates while untreated plants contained only 31.86 °/o (dry wt.) 
total carbohydrates. Thus it appeared that carbohydrates were transported 
from the seed to the leaves of the treated tissue but that they were catabolized 
quite slowly. Generally, however, chlorotic tissue respires at a more rapid 
rate than does untreated tissue (3). 

Varying degrees of oxygen uptake were exhibited by homogenates pre- 
pared from both tissues. Fritz and Beevers (1) have shown such uptake in 


Figure 1. Lipoxidase activity in homogenates of untreat- 
ed and chlorotic corn léaf tissue as affected by 10-* M 


OXYGEN UPTAKE-yL/GRAM WET WT. 


hydrocuinone. 
1 — homogerate of chlorotic tissue without inhibitor, 
2 — homogenate of chlorotic tissue with inhibitor, 
3 — homogenate of ‘untreated tissue without inhibitor, 
4 — homogenate of untreated tissue with inhibitor. 
0 15 30 45 
MINUTES 
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Table 1. Total fat content of seeds attached to untreated and amitrol-treated corn p'ants. 
Amitrol was applied three days after planting. 


Total fat content — mg/g dry wt. 
Treatment Age of plants after planting 
0. leder a NE a eee 
Untreated.r 2... .074 .061 .054 .049 | .041 .039 
Amitrol-treated ............... .074 .079 090 TOO SSI 07 .228 


homogenates of corn seedlings to be due to lipoxidase activity. A specific 
inhibitor of this enzyme, hydroquinone, was added to freshly prepared homo- 
genates and was found to give considerable inhibition of this endogenous 
oxygen uptake (Figure 1). Although little is known concerning the role of 
this enzyme other than that it is associated with fat metabolism, it appears 
that fats are more closely linked with respiration of chlorotic tissue than 
untreated tissue since lipoxidase activity was consistently greater in chlorotic 
tissue (Figure 1). Analysis showed that there was a gradual decrease in fat 
content of seeds attached to untreated plants but a marked increase in fat 
content of seeds attached to chlorotic plants (Table 1). It is believed that 
the increase in fat content in treated plants was due to the conversion of 
carbohydrates to fats. 

Since fats enter the glycolytic pathway as triosephosphates, determinations 
were conducted for fructoaldolase activity to determine if both tissues pos- 
sessed equal capacities to cleave hexosephosphate into triosephosphates. 
Results of these determinations indicated that untreated tissue had approxi- 
mately twice the capacity to cleave hexosediphosphate into triosephosphates 
as did chlorotic tissue (Figure 2). 


> 


w 


n 


Figure 2. Relative aldolase activity in homogenates of 
untreated and chlorotic corn leaf tissue, i — untreated 
tissue, 2 — chlorotic tissue. 
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Figure 3. The effect of 
respiratory inhibitors on 
the oxygen uptake of un- 
treated and chlorotic corn 


SODIUM 
FLOURIDE 


OXYGEN UPTAKE -uL/GRAM WET WEIGHT 


leaf tissue. 2 — non-inhi- 
bited and 3 — inhibited 
check tissue, 1 — non-in- 


hibied and 4 — inhibited 
chlorotic tissue. Iodoace- 
tate was used at 10° M 
and malonate and sodium 
flouride at 107? M. 


O 15 30 40 60 
MINUTES 


Experiments were conducted in which respiratory inhibitors were applied 
to the tissues to see if differential inhibition would provide any indication 
of active metabolic pathways. A summary of these data are presented in 
Figure 3. Iodoacetate and malonate inhibited oxygen uptake more in chlorotic 
tissue than in control tissue. Sodium fluoride caused essentially the same 
degree of inhibition in both tissues. 

If triosephosphate dehydrogenase is the principle enzyme inhibited by 
iodoacetate, it would appear that the amitrol-treated plants were more depen- 
dent on glycolytic products resulting from the action of this enzyme than 
were control plants. If this is true, control tissue should possess some pathway 
that bypasses triosephosphate dehydrogenase; i.e., the hexose monophosphate 
shunt. The inhibition by iodoacetate can be explained by assuming that (a) 
glycerol derived from fats in chlorotic tissue enters the glycolytic pathway 
as dihydroxyacetone phosphate which in turn is finally converted to pyru- 
vate whereas (b) the metabolism of control tissue involves the movement of 
hexoses through both the glycolytic sequence as well as the hexose mono- 
phosphate shunt system. 
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Since sodium fluoride caused approximately a 50 percent reduction in the 
oxygen uptake of both tissues, enolase activity apparently proceeded at 
approximately the same relative rate in both tissves. Treatment periods with 
sodium fluoride up to 15 hours did not cause any appreciable drop in respi- 
ration below that obtained for a one-hour period. 

Malonic acid caused approximately 70 percent more inhibition of respi- 
ration in chlorotic tissue than in control tissue. This difference could be due 
to (a) more limited Krebs cycle activity in control tissue (b) greater Krebs 
cycle activity in control tissue; i.e. greater concentrations of specific organic 
acids, or (c) some factor other than Krebs cycle activity was limiting so that 
partial inhibition of succinic dehydrogenase would cause little reduction in 
the respiratory rate. Although a valid explanation cannot be given at present 
to justify this difference, unpublished work by the authors shows that 
control tissue contains greater concentrations of organic acids than chlorotic 
tissue. 

While not conclusive, the data in this paper indicate that the amitrol- 
induced chlorotic plants were metabolizing fats as a major respiratory 
substrate while untreated plants were metabolizing carbohydrates. Definite 
conclusions on the pathways involved await further investigations but the 
indication is supported by (a) respiratory quotients far below unity in chlo- 
rotic tissue, (b) a more active lipoxidase system in chlorotic tissue, (c) a 
large increase in the fat content of seeds attached to chlorotic plants, (d) de- 
creased aldolase activity in chlorotic tissue, and (e) respiration inhibitory 
data which tend to suggest a route of carbohydrate transfer through the 
glycolytic sequence of chlorotic tissue analogous to that found in fat meta- 
bolism. 


Summary 


Corn plants treated with 3-amino-1,2,4-triazole produced chlorotic tissue 
which had a respiratory quotient of 0.82. Seeds attached to these plants had 
greater fat content and a more active lipoxidase system than did untreated 
plants. Untreated plants had approximately 50 percent less total carbohyd- 
rates but twice the aldolase activity of treated plants. 

Sodium fluoride caused essentially the same amount of inhibition in both 


tissues but iodoacetate and malonic acid gave far greater inhibition in chlo- 
rotic tissue than in untreated tissue. 


It was postulated that chlorotic plants were metabolizing fats as a ma jor 
respiratory substrate while untreated plants were metabolizing carbohydrates. 
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Introduction 


Over the years, the notion has developed (4, 9) that the bicarbonate induced 
differentiation of resistant-sporangial (R.S.) plants in Blastocladiella emer- 
sonii results from interference at the carboxylation sites in a weakly func- 
tional tricarboxylic acid cycle; as a result, partial reversal of the cycle by way 
of CO: fixation via a TPN-specific isocitric dehydrogenase (5) and the clea- 
vage of the isocitrate via isocitritase (12) apparently lead to shunt reactions 
involved in the synthesis of chitin, fat, melanin, carotene, and other materials 
associated with a typical resistant sporangium. The development of techni- 
ques for growing synchronous, single-generation cultures of both the thin- 
walled, ordinary colorless (O.C.) plants (12) and the thick-walled, brown, 
R.S. plants (10,11) has made it possible to study the phenomenon, both in 
vivo and in vitro, in a much more detailed and definitive fashion. The 
purpose of this report is to describe the striking, depressive effect of bi- 
carbonate upon the course of endogenous respiration during ontogny of R.S. 
plants; these data, in turn, provide additional evidence for our ideas con- 
cerning the biochemical basis underlying the bicarbonate trigger mechanism 
in Blastocladiella. 
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Materials and Methods 


B. emersonii was grown in synchronous culture (7.99 X 105 plants/liter) at 24°C. 
on Difco Cantino PYG Broth (1.25 g. peptone, 1.25 g. yeast extract, 3.0 g. glucose 
per liter) containing 8.93X103 M NaHCOs, harvested, and washed thoroughly 
(11). Viable swarmer suspensions were prepared with special precautions (12). 
Qoz determinations were made in a conventional Warburg respirometer at 30°C., 
with a shaking rate of 112 oscillations/min. (cf. figure legends for additional details). 
Lactic acid was determined by Ryan’s (13) microdiffusion method; when necessary, 
analyses were preceded by treatment with CuSO, and Ca(OH), to remove inter- 
fering materials (1). Glucose was assayed with glucose oxidase (14) using the glu- 
costat reagent of Worthington Biochemical Corp., Freehold, New Jersey. 


Glucose Consumption and Lactic acid 
Production during Growth 


The thin-walled O.C. plants of Blastocladiella, when growing in liquid 
PYG, produce copious quantities of lactic acid, and ihe medium requires fre- 
quent neutralization for maintenance of a constant pH. In contrast, R.S. plants 
growing in liquid PYG containing bicarbonate do not require neutralization 
and they do not begin to consume glucose until they are well along in onto- 
geny. Lactic acid is not produced until about 3/5 of the generation time has 
elapsed (when glucose utilization has practically ceased), after which small 
quantities of lactate rapidly accumulate in the medium (Figure 1). 


GLUCOSE uM/ml LACTATE uM/rnl 


87 GLUCOSE LACTATE [7103 


Figure 1. The course of lactic acid accumulation 
and glucose utilization (uM/ml.) in PYG-bicarbo- 5 
nate media during growth of synchronous, single 
generation cultures of B. emersonii. 


= à 0 
0 24 48 72 HOURS 
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LACTATE uM/mg DRY WT/HR. 


Figure 2. The endogenous oxygen consumption 
(Qos: ul. O2xmg. dry wt."'xhr.”') and lactic 
acid production (uMXmg. dry wt.-'xhr') by 
washed, pre-formed plants of B. emersonü at 
different stages in ontogeny. Reaction mixtures 
were incubated one hr. at 30°C. (112 oscillations/ 
min.) and contained 9.0 ml. 10°? M phosphate, 
pH 8.0, per gm. wet wt. of organism. 


Metabolism of Non-Proliferating Plants at Different 
Stages of Development 


During ontogeny, the extraordinarily-high endogenous Qo> of the motile 
spore (12) drops sharply in the first few hours following germination, rises 
once again at about the time the thallus reaches its maximum size, and then 
gradually falls to a very low level (Figure 2). At all stages in ontogeny beyond 
12 hours, rates of oxygen uptake are essentially linear for at least 60 minutes. 
Furthermore, during this period there is no pronounced alteration of oxygen 
consumption by the main ingredients of the growth medium (Table 1). How- 
ever, at the spore stage (i.e., zero time), glucose has very little effect, but 
substrates such as the peptone-yeast components of the growth medium do 


Table 1. The effects of PYG and components therein on the endogenous Qo, of preformed 
RS. plants at different stages of development. 


ee Change (% > nn 20, u 

PYG | PY | G 

0 +116 +101 +11 

| 6 +153 + 141 +24 
12 — 1 — j1 + 9 

24 as SE kine 

35 -- 27 — 17 + 3 

46 8 — 1 +98 

60 + 2 + 5 +13 

84 — — +11 
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Figure 3. The respiration of Blastocladiella spo- 
res. Reaction mixtures, incubated as for Figure 
2, contained 1.02 mg. dry wt./2.0 ml. 10? M 
phosphate, pH 8.0, with or without full strength 
PYG, PYG less glucose, and 10°? M glucose. 
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induce a considerable increase in oxygen consumption which gradually 
accelerates with time (cf. Table 1, and the increasing slope in the upper curve, 
Figure 3). The final, maximum rates thus obtained are two to three times 
greater than endogenous levels. Six hour germlings display a similar stimula- 
tion; older plants do not do so. 

For comparative purposes, the pronounced effect of bicarbonate upon the 
respiration of R.S. thalli has been contrasted (Figure 4) with that of thin- 


0 20 


100 


Figure 4. À comparison of the endogenous respi- 
ration of washed, pre-formed O.C. and RS. 
plants at different stages of ontogeny. QG va- 
lues obtained at pH 6.8 (not shown) were the 
same as those reported here for pH 8.0. For R.S. 
plants, see details in Figure 2; for O.C. plants, 
see (12). 
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Figure 5. The: utilization of glucose by wash- 
ed, preformed plants of Blastocladiella at dif- 
as. ferent stages of development, and the amount 
of lactic acid produced per unit of glucose 
consumed; conditions as for Figure 2. 


GLUCOSE UPTAKE uM/mg DRY WT HR. 


walled O.C. plants (grown on medium PYG in the absence of bicarbonate) at 
comparable stages of development (the curve for O.C. plants derived from 
data of McCurdy and Cantino 12). 

Finally, preformed plants of different ages were assayed for their capacity 
to metabolize glucose and liberate lactic acid. While glucose consumption 
(Figure 5) and endogenous lactic acid production (Figure 2) drop precipi- 
tously during the early stages of ontogeny, as does oxygen consumption, both 
rise once again at 34—36 hours and then finally fall to very low levels. How- 


3 
Oy wl/HR. x 10 


Figure 6. Oxygen consumption per plant at dif- 
ferent stages of ontogeny (per-plant data calcul- 
ated as follows: wl. O,/unit wt.xwt./plant, 11). 
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ever, per unit of glucose consumed (Figure 5), lactic acid production increases 
again a second time during the maturation stage of ontogeny. It is note- 
worthy that lactic acid production rises sharply when the specific activity 
of glucose-6-phosphate dehydrogenase does (11), drops again as the dehydro- 
genase levels off, and then rises once more when the “zwischenferment” acti- 
vity, too, begins to increase again. 


Metabolic Data on a Per Plant Basis 


When the data are related to the development of individual thalli, from 
spore to mature plant, endogenous oxygen consumption (Figure 6) and endo- 
genous lactic acid production (Figure 7) per plant reach a peak at ca. 48 and 
34—36 hours, respectively, and then drop once again as the plant continues 
on for the last portion of its generation time to maturity. Analyses for the 
free pool of lactic acid in these plants (Figure 7) show that it, too, rises 
rapidly up to 36—48 hours but is then retained at about this level for the 
rest of their generation time. Similarly, glucose consumption by preformed 
plants also peaks at 34—36 hours (Figure 7), as does the relatively small, 
additional increment of lactic acid production which is attributable to glucose 
utilization (Figure 5). 


Mx 10° 


Figure 7. Glucose utilization, lactic acid produc- 
tion, and internal lactate pools per plant at dif- 
ferent stages of ontogeny. For analysis of pools, 
plants were homogenized in an Omnimixer with 
abrasive (11) and 10°? M H,SO,, extracted for 
48 hr. with ether, and the extracts analyzed. 
Curve 1: glucose uptake/plant; uM/hr.X 10°. 
Curve 2: lactate production/plant; uM/hr.X 10°. 
Curve 3: the lactate pool/plant; uM/plant x 10°. 
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Discussion 


Our current interpretations of the biochemical basis for morphogenesis in 
Blastocladiella, as outlined briefly in the introduction, have derived the bulk 
or their support from past studies with multiple generation cultures. In brief, 
it has been shown with such cultures that in thin-walled, O.C. plants not sub- 
jected to the bicarbonate trigger mechanism: (a), almost all enzyme activities 
of the tricarboxylic acid cycle are demonstrable in vitro (8), and the soluble, 
labeled pool derived from fixation of CO: consists almost exclusively of 
Krebs cycle intermediates (5). On the other hand, (b), metabolism of glucose 
during growth can lead to an almost-pure homolactic fermentation (3, 4) 
while dissimilation of glucose by preformed plants does not induce increased 
COs production over endogenous levels (2); if the sugar is labelled, radio- 
activity in the soluble, non-nitrogenous pool is found almost exclusively in 
lactic acid (5). As for the alternate developmental path, the thick-walled 
R.S. plants induced by bicarbonate display severe reduction in their comple- 
ment of DPN- and non DPN-dependent Krebs cycle activities, but little if 
any loss in a TPN-specific isocitric dehydrogenase (7). 


With the development of techniques for growing synchronous, single gene- 
ration cultures, it became possible to subject our notions to much more direct 
scrutiny; we have begun to follow key enzymes, overall degradative proces- 
ses, and the biosynthesis of various components from the beginning to the 
end of ontogeny along both morphogenetic paths. Thus, the activities of 
isocitritase and glycine-alanine transaminase during development have been 
established (12), as have those for glutamine-fructose-6-phosphate transami- 
dase and glucose-6-phosphate dehydrogenase, as well as the synthesis of 
chitin, melanin, fat, and other constituents during morphogenesis (10, 11). 
These data have provided additional support for our hypothesis. 


A thorough analysis of the relation between biochemical and morphological 
differentiation had to await the development of methods for studying the 
spores themselves — the zero point in ontogeny. When this was done (12), 
it became clear that the motile spores of Blastocladiella had an extraordina- 
rily high endogenous Qo, (ca 100; cf. 12 and data herein). Although Krebs 
cycle intermediates caused no increase in rates, a demonstrable arsenite in- 
hibition, and a strong, succinate-reversible, malonate inhibition (12) suggest- 
ed that the tricarboxylic acid cycle was, at least in part, responsible for the 
high Qoz of the spores. On the other hand, the considerable stimulation we 
have obtained with peptone and yeast extract, and the spore R.Q of 0.87 (12) 
suggest that amino acid metabolism contributes significantly to their respira- 
tory activity. Since the oxygen consumption of O.C. plants did not begin to 
decrease markedly until ca. one-third of their generation time had elapsed 
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(12), it became possible to test somewhat more directly one of our key notions: 
that the bicarborfate trigger mechanism interfered with the turnover of the 
tricarboxylic acid cycle. The data provided in this report reveal that bicar- 
bonate does, indeed, induce a profound decrease in oxygen consumption 
during the very earliest stages of the ontogeny of R.S. plants. Concomitantly, 
bicarbonate also induces a 46 °/o reduction in the growth rate of these young 
RS. plants relative to O.C. plants (i.e., when compared on the basis of log 
dry weight per plant vs. time during the first 12 hours of growth). If (as we 
are currently trying to do), it can be shown that the individual enzyme 
activities of the Krebs cycle decrease accordingly during these early stages 
in development, these respirometric and growth data will be rendered most 
meaningful. 

One last point is worthy of attention. If we are correct in our interpreta- 
tions, the initiation of, and the gradual increase in, CO» fixation via the 
TPN-specific reductive carboxylation of ketoglutarate to isocitrate as onto- 
geny progresses will require a gradual increase in availability of reduced 
TPN to help mediate the reaction. The established course of activity of the 
TPN-specific glucose-6-phosphate dehydrogenase during R.S. morphogenesis 
(11), and the corresponding changes in lactic acid production described herein 
are consistent with our belief that a gradual increase in the hexose mono- 
phosphate shunt might supply the reducing power needed for carboxylation 
of ketoglutarate. That this sort of coupling can occur in Blastocladiella has 
already been demonstrated in vitro with homogenates (6). The correspond- 
ing changes in (a), isocitritase and glycine-alanine transaminase (12) neces- 
sary for removal of isocitrate from the carboxylation site; (b), the ultimate 
loss of the terminal cytochrome oxidase which would compete for reduced 
TPN (7); (c), the depletion of some tricarboxylic acid cycle enzyme activi- 
ties (7); and (d), the retention of the TPN specific isocitric dehydrogenase 
necessary to mediate the reductive carboxylation of ketoglutarate (7) are all 
consistent with our interpretation of the biochemical basis for R.S. morpho- 
genesis in Blastocladiella emersonii. 


Summary 


Endogenous respiration, glucose consumption and lactic acid production 
by B. emersonii were followed during development of synchronous cultures 
along the bicarbonate-induced path leading to resistant sporangial plants. A 
precipitous reduction in Qog occurred very early in the ontogeny of R.S. 
plants, as compared to that exhibited by O.C. plants grown in non-bicarbo- 
nate media. The capacity of developing R.S. plants to consume glucose 
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underwent a correspondingly sharp decrease. On the other hand, while endo- 
genous lactic acid production also dropped sharply, it rose again later on in 
ontogeny. On a per-plant basis, the capacities for oxygen and glucose con- 
sumption and lactic acid production rose quickly, peaked, and dropped 
again at ca. 2/5 of the generation time, just before the point of no return 
during differentiation of resistant sporangial plants grown in submerged, 
liquid cultures at 24°C. 


Present address of J. S. Lovett: Department of Biological Sciences, Purdue University, 
Lafayette, Indiana. 
Paper No. 60-9 from the Department of Botany and Plant Pathology; our research was 


supported, in part, by grants from the Eli Lilly Co., Indianapolis, Indiana, the National 
Science Foundation, and the National Institutes of Health. 
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When discs of pith excised from tobacco stems are cultured on an agar 
medium containing indoleacetic acid, they enlarge and increase in fresh 
weight markedly within 72-96 hours (4). This enlargement is preceded and 
accompanied by large increases in respiration and in ascorbic oxidase activ- 
ity (5). It has been found that by appropriate manipulation of the compon- 
ents of the culture medium it is possible to dissociate these and other respon- 
ses to auxin; that is, to obtain metabolic effects without the accompanying 
cell enlargement, and different combinations of metabolic effects, depending 
upon the treatment. For example, inclusion of phenylthiourea in the medium 
completely inhibits ascorbic oxidase activity and prevents enlargement and 
separation of the cells, but reduces only moderately the large respiratory 
rise which auxin induces. On the other hand, mannitol in the medium sup- 
presses enlargement, but not the large increases in both ascorbic oxidase 
activity and respiration which occur on auxin (1). 


Such results may be useful in the attempt to gain further insight into the 
mechanism of action of auxin by indicating the extent to which metabolic 
changes induced by auxin are obligatorily coupled to one another and to the 
phenomenon of cell enlargement. It is the dissociative effect of phenylthio- 
urea on several responses to auxin which is described in the present paper. 
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Materials and Methods 


Sterile pith tissue was obtained from plants of Nicotiana tabacum L. (Wis. no. 
38) grown in the green house until 6—8 dm. tall. The stem portions used included 
the third through the sixth internodes. The leaves were trimmed off and the stems 
were swabbed with 70 °/o ethanol and cut into 4 cm. lengths. 

The bark was then peeled away, leaving cores of pith enclosed in vascular tissue. 
Cylinders of pith were obtained by boring longitudinally through these cores with 
a no. 3 cork borer. The cylinders were cut into discs with a cutter containing several 
evenly spaced razor blades, each disc being approximately 7 mm. in diameter and 
3 mm. thick, and weighing usually between 120 and 130 mm. The discs from several 
stems were mixed together, then planted on 50 ml. of sterilized medium in 125 ml. 
flasks, 5 to a flask. 

The basal medium consisted of 2 °/o sucrose and 0.7 °/o agar. Indoleacetic acid 
(or “auxin”) and phenylthiourea were included in the media as required, the former 
at a final concentration of 2X10° M and the latter at a final concentration of 5, 
7.5, or 15X10 M. Minerals and vitamins were not included in the medium since 
the cells enlarge satisfactorily on auxin and sucrose alone. The medium was adjusted 
to pH 6.0 before autoclaving. 

For the determination of the respiratory rate, the discs from a flask were care- 
fully blotted with filter paper, weighed on a Roller-Smith torsion balance, and then 
placed in 2.0 ml. of 0.05 M phosphate buffer at pH 6.0. The oxygen consumption 
was followed at 25°C for 1—3 hours, using conventional Warburg apparatus and 
techniques. Duplicate flasks were run for each treatment. 

For ascorbic oxidase assay, the discs used in the determinations of respiration 
were removed from the Warburg vessels, suspended in 4.0 ml. of cold 0.05 M phos- 
phate buffer at pH 6.0, and homogenized for 1.5 minutes in a Potter-Elvehjem glass 
homogenizer chilled in ice water. One ml of homogenate and 0.5 ml. of 0.12 M 
ascorbate adjusted to pH 6.0 with NaOH were added to the main compartments of 
the vessels and the oxygen consumption at 25°C was recorded for duplicate ves- 
sels at 5-minute intervals for 30 minutes. In the absence of ascorbate, the homo- 
genates showed no oxygen uptake. 

In determining the cytochrome oxidase activity of whole homogenates, separate 
batches of discs were homogenized in 0.05 M phosphate buffer at either pH 6.0 
or 7.2, and the homogenates were subsequently used in determinations at the pH 
at which they were prepared. Ascorbic oxidase activity was determined at pH 6.0, 
at which there is little or no autoxidation of the ascorbate detectable manometric- 
ally. Ascorbate oxidation was also determined at pH 7.2 in the absence of cyto- 
chrome c, as a measure of the combined rates of autoxidation and possible ascorbic 
oxidase activity at this particular pH. This value was then subtracted from the rate 
of ascorbate oxidation at pH 7.2 in the presence of cytochrome c to determine the 
activity ascribable to cytochrome oxidase. Cytochrome c was obtained from Sigma 
Chemical Co., and was employed at a final concentration of 11074 M. 


Results 


A preliminary study was made of the effects of phenylthiourea on the 
metabolism and growth of tobacco pith discs when it was incorporated in 
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the culture medium over a range of concentrations. Since interesting differ- 
ential effects were obtained particularly at concentrations between 1 X10-4 
M and 1 X10-? M, a number of experiments were conducted using concentra- 
tions between these extremes. The results of two representative experiments, 
one employing a level of 5X10—4 M phenylthiourea in the culture meduim, 
and the other a concentration of 7.5 X10—4 M, are shown in Figures 1 and 2. 
Effects of the phenylthiourea at 10 and 15X10—4 M were consistent with 
those obtained at these two. The effects of the poison are discussed below, 
following a brief description of the response of the discs on the basal medium 
and on indoleacetic acid. 

Control discs cultured on the basal medium (2 °/o sucrose in 0.7 °/o agar) 
undergo relatively small changes in respiratory rate, ascorbic oxidase activ- 
ity, and fresh weight. However, discs cultured on a medium including indole- 
acetic acid show pronounced increases in respiration and ascorbic oxidase 
activity within 24—48 hours, and subsequently marked increases also in 
cell size and fresh weight (Figures 1 and 2). The respiratory oxygen con- 
sumption per disc frequently reaches a rate about double the basal rate, and 
the ascorbic oxidase activity increases severalfold. Although some increase 
above the control fresh weight is evident within 48—72 hours for the tissues 
on auxin, the period of rapid enlargement of the cells commences usually be- 
tween 72 and 96 hours. After 120—144 hours of culture, the increase above 
the initial fresh weight usually amounts to 50—90 °/o. 

The phase of rapid increase in fresh weight on auxin is accompanied by 
the development of a characteristic, watery appearance of the tissue, and 
by separation of the cells from one another. Cell separation proceeds rapidly 
once it commences, and large changes are observed in the course of a few 
hours. If the separation becomes extensive, it is difficult to recover the cells 
from the Warburg flasks following determination of their respiratory rate. 
For this reason the ascorbic oxidase activity of discs cultured on auxin for 
96 hours was not determined in the experiment shown in Figure 2. Control 
discs do not undergo such changes in appearance or cell disaggregation. 

When phenylthiourea is included in the culture medium, the ascorbic 
oxidase activity of homogenates prepared from the pith discs is strongly 
inhibited. At concentrations of 7.5xX10-* M and above, it usually causes a 
decline in activity to zero within 48—72 hours both in the presence and 
absence of auxin. 

Despite its drastic effect on ascorbic oxidase activity, phenylthiourea has 
only a moderate effect on the respiration. In the absence of auxin, discs on 
the poison show only a small decline below the basal rate. The presence of 
auxin induces a marked respiratory rise despite the presence of phenylthio- 
urea, although the rise is not as great as in the absence of the poison. These 
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FIGURE! FIGURE 2 
Figure 1. Effect of 5x10-* M phenylthiourea in the culture medium on metabolic and 
growth responses of tobacco pith discs to indoleacetic acid, 
Figure 2. Effect of 7.5 10-4 M phenylthiourea in the culture medium on metabolic and 
growth responses of tobacco pith discs to indoleacetic acid. 
(See legend on page 463.) 
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results appear to indicate that ascorbic oxidase does not serve as the terminal 
oxidase for the major part either of the basal respiration or of the additional 
respiration which is induced by auxin. 

The above evidence dissociating ascorbic oxidase from at least the bulk 
of the respiration appears to be substantiated by the results of attempts to 
inhibit the respiration with copper enzyme poisons in short-term mano- 
metric experiments. Pith discs cultured on auxin and in its absence for vary- 
ing periods from 2—8 days have been studied. Neither diethyldithiocarba- 
mate at a final concentration of 110-3 M nor allylthiourea at 110-2 M 
has an inhibitory effect on oxygen consumption over a two-hour period when 
added to the medium bathing the respiring sections of pith. 

Despite the large respiratory increase which is shown by the cells cultured 
on auxin plus phenylthiourea, the enlargement and disaggregation of the 
cells are prevented. The inhibition of enlargement is reflected in the fresh 
weights of the discs, which remain close to the control values and which do 
not increase during that period when the weights of the discs on auxin 
undergo rapid increase (Figures 1 and 2). The fresh weight curves, however, 
do not adequately suggest the striking changes in appearance which rapidly 
develop in the discs on auxin after 48—72 hours, and which set them so 
sharply apart from the discs cultured on both growth hormone and poison. 
Discs on the latter medium fail to develop either the wateriness or the separa- 
tion of the cells so characteristic of discs on hormone alone, and remain 
indistinguishable from the controls in these respects. 

The curves in Figures 1 and 2, obtained during a period of two months 
in the spring, illustrate a variability between experiments which is believed 
to be due largely to seasonal and other environmental fluctuations during 
growth of the tobacco plants and which emphasizes the desirability of grow- 
ing plants for such work under controlled conditions. The curves also illust- 
rate the gain in fresh weight which occurs regardless of the presence of 
either growth hormone or poison during the first 48 hours after excision. 
This appears to be due largely to the fact that the tissue is somewhat flaccid 


Control: No indoleacetic acid or phenythiourea in the culture medium. 

IAA: 2X10-5 M indoleacetic acid included in the culture medium. 

PTU: Phenylthiourea included i nthe culture medium at 5X10-* M (Figure 1) or 7.5x10-? M 
(Figure 2). | | 

IAA +PTU: Both indoleacetic acid and phenylthiourea in the culture medium. 


The same discs were used for all three determinations at a given time. IAA and PTU 


were not added to the Warburg flasks. 
On the ordinates ul O2 uptake per g. initial fresh weight per hour, or fresh weight °/o of 
initial weight. 
On the abscissa age of cultures in hours. 
Physiol. Plant., 13, 1960 


464 ELDON H. NEWCOMB 


Table 1. Cytochrome oxidase and ascorbic oxidase activity in homogenates of tobacco 
pith cultured for 48 hours on phenylthiourea (1X103 M) with and without indoleacetic 
acid (2X105 M). Figures are averages of two experiments. No phenylthiourea or indole- 
acetic acid was added to the Warburg flasks. 
en 


Ascorbate Oxidation 


Addition (pl O, uptake per g. fresh wt per hour) Cytochrome 
to basal mn 3 oxidase 
culture 1 2 H 72 activity 

| medium pH 6.0; pH 7.2 Pare (column 3-2) 


no cytochrome c|no cytochrome c cytochrome € 
PETS y (1x 10-4 M) 


Phenylthiourea ... 127 1 "514 403 
Phenylthiourea + 
indoleacetic acid 0 80 641 561 


immediately after excision, and becomes turgid during the first two days 
of culture. This change as well as moderate rises in metabolic activity which 
the control tissues frequently exhibit during this period can be largely cir- 
cumvented by pre-culturing all freshly excised discs on the basal medium 
for three days before transplanting them to fresh basal and other media. 
Such a period of culturing after excision permits stabilization of the fresh 
weight, respiratory rate, and ascorbic oxidase activity before an experiment 
is started by transfer to fresh media, and does not appear to lessen the respon- 
siveness of the tissue to auxin. While such pre-culturing is now being prac- 
ticed routinely, it was not used in obtaining the results reported in this paper. 


The pith tissue can be shown to possess cytochrome oxidase as well as 
ascorbic oxidase activity. While the use of ascorbate to demonstrate cyto- 
chrome oxidase activity in whole homogenates of unpoisoned pith tissue is 
precluded by the high level of ascorbic oxidase activity, ascorbate can be 
used successfully to demonstrate the presence of cytochrome oxidase in 
mitochondria isolated from homogenates of the unpoisoned tissue by dif- 
ferential centrifugation. It is possible to use ascorbate in this case because 
most of the ascorbic oxidase activity remains with the wall fraction when 
the homogenate is fractionated, and the mitochondrial fraction isolated from 


such a homogenate possesses only a low rate of oxidation of ascorbate in 
the absence of cytochrome c at pH 6.0 (6). 


Since the homogenates of discs which have been poisoned with phenyl- 
thiourea possess little or no measurable ascorbic oxidase activity, they can 
be used without fractionation to assay for cytochrome oxidase activity with 
ascorbate. As shown in Table 1, homogenates of such discs possess cyto- 
chrome oxidase activity greatly in excess of that required to account for the 
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observed respiratory rate of the discs. The activity on a fresh weight basis 


is, in fact, about ten times the respiratory rate of the discs (cf. Figures 1 
and 2). 


Discussion 


The results described in this paper may be useful in the attempt to dis- 
cover interrelationships of metabolic prossesses affected by auxin and in- 
volved in cell growth. It is demonstrated that even in the presence of a poison 
which causes a complete disappearance of ascorbic oxidase activity and 
prevents the cell enlargement and certain associated changes, auxin in the 
medium causes an increase in the respiratory rate which at its peak is 
about twice that of the basal rate. It is an interesting fact that under condi- 
tions in which growth is inhibited there should nevertheless be a large 
respiratory rise. This indicates that the development of a considerable meta- 
bolic response to auxin is not obligatorily coupled to or dependent upon the 
actual enlargement process, but may proceed to a large extent in its absence. 

Assuming that the rate of the basal respiration is limited by the avail- 
ability of phosphate acceptor systems, then the respiratory stimulation might 
be brought about either by uncoupling the generation of reactive phosphate 
from the oxidative system, e.g., by use of 2,4-dinitrophenol, or by increasing 
the availability of the phosphate acceptor systems (2). Some evidence has 
already been obtained that the higher rate of respiration induced in this 
tissue by auxin is not due to uncoupling (6). However, it might be argued 
that in the present case the respiration which occurs on auxin in the pre- 
sence of phenylthiourea is in reality due to an uncoupling action of the 
latter. This explanation appears unlikely since discs cultured on phenylthio- 
urea alone do not have an enhanced respiration, nor does addition of phenyl- 
thiourea to control discs during manometric experiments cause an increase 
in oxygen consumption indicative of uncoupling. 

It has been reported previously that auxin stimulates the activity and 
presumably the synthesis of several enzymes in the pith tissue (6). It seems 
plausible that such a stimulation of energy-requiring processes may in fact 
be responsible at least in part for the observed respiratory increase. According 
to this view the respiratory response to auxin is considered to be secondary 
— a reflection of the extent to which other metabolic events are stimulated. 

From this it may be inferred that auxin brings about its fundamental 
metabolic stimulation in the cultured pith tissue even in the presence of 
phenylthiourea, since the enhanced respiration which is assumed to reflect 
such a metabolic change occurs in this case. It is significant for further 
investigation that so great a respiratory rise should occur even though the 
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enlargement response itself is blocked, as are presumable a number of 
changes requisite to it. Indeed, it would have seemed reasonable to expect 
little or no respiratory stimulation by auxin in the presence of a poison 
which completely inhibits the growth response. Whether an increase in wall 
components such as the pectic substances occurs under such conditions has 
not yet been determined. 

The results indicate that when tissue is cultured on auxin and phenyl- 
thiourea in the appropriate concentration range, the respiratory rate per 
cell, while much higher than that of the control, does not reach the level 
attained on auxin alone. Thus while the data appear to exclude ascorbic 
oxidase as the terminal oxidase for the major fraction of the pith respir- 
ation, they do not eliminate the possibility that it mediates a minor frac- 
tion. The somewhat lower respiratory rate on auxin in the presence of phenyl- 
thiourea could be due to direct inhibition of a respiratory pathway pro- 
ceeding through ascorbic oxidase, or to prevention of some of the coupled 
processes of synthesis which may be responsible for the increase in respir- 
ation, including the synthesis of ascorbic oxidase itself. 

Since cytochrome c is reduced non-enzymatically by ascorbate, it may 
be questioned whether an appreciable fraction of the oxygen consumption 
observed on the addition of ascorbate to pith tissue homogenates may not 
be ascribable to cytochrome oxidase acting upon residual cytochrome in the 
mitochondria. This appears highly unlikely in view of the fact that there is 
little or no ascorbate oxidation at pH 6.0 by homogenates of tissue cultured 
on phenylthiourea even though there is cytochrome oxidase activity in the 
tissue. Furthermore, fractionation studies of freshly excised tissue have 
shown that the mitochondrial fraction has only a small percentage of the 
lolal ascorbic oxidase activity of a homogenate (6). 

Since there is no evidence that phenylthiourea affects only ascorbic oxidase 
in the tissue, it cannot be concluded that the inhibition of cell enlargement 
and separation are due solely or even in part to the inhibition of this enzyme. 
Regardless of the essentiality of ascorbic oxidase for the enlargement process, 
however, its great increase in activity in response to auxin is of interest for 
the problem of the mechanism of action of auxin. It is noteworthy that 
Fähraeus and Tullander have found that the formation of laccase, another 
oxidase containing copper, is induced by indoleacetic acid in two species of 
basidiomycetes (3). 


Summary 


A study has been made of the effects of phenylthiourea on the increases 
in respiration and ascorbic oxidase activity, and on the growth responses 
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which occur in excised sections of tobacco pith when cultured on agar con- 
taining indoleacetic acid. At 5—15xX10-* M, phenylthiourea acts different- 
ially, usually completely inhibiting ascorbic oxidase activity and the growth 
while permitting a large respiratory increase on auxin. 

The demonstration that some of the metabolic changes initiated by auxin 
are not obligatorily coupled to one another nor to the enlargement process 
may be useful in the study of the mechanism of action of auxin. 


This research was supported in part by the Research Committee of the Graduate 
School of the University of Wisconsin on funds from the Wisconsin Alumni Re- 
search Foundation, and in part by a grant (G-1059) from the National Science 
Foundation. 


References 


1. Bryan, W. H.: Studies on the effect of indoleacetic acid on cultured tobacco parenchyma 
cells. — Ph.D. Thesis, Univ. Wisc. 1959. 

2. Chance, B. & Williams, G. R.: The respiratory chain and oxidative phosphörylation. 
— Adv. Enz. 17: 65. 1955. 

3. Fähraeus, G. & Tullander, V.: Effect ot indole-3-acetic acid on the formation of oxi- 
dases in fungi. — Physiol. Plant. 9: 494. 1956. 

4. Jablonski, J. R. & Skoog, F.: Cell enlargement and cell division in excised tobacco pith 
tissue. — Physiol. Plant. 7: 16. 1954. 

5. Newcomb, E. H.: Effecı of auxin on ascorbic oxidase activity in tobacco pith cells. — 
Proc. Soc. Exp. Biol. & Med. 76: 504. 1951. 

6. — The use of cultured tissue in a study of the metabolism controlling cell enlarge- 
ment. — Ann. Biol. 31: 395. 1955. 


Physiol. Plant., 13, 1960 


PHYSIOLOGIA PLANTARUM, VOL. 13. 1960 


The Effect of Adenine and Kinetin on 
Growth and Differentiation of Lupinus 


By 


NILS FRIES 


Institute of Physiological Botany, University of Uppsala 
(Received April 11, 1960) 


It has earlier been shown (Fries 1953, 1954) that adenine and hypoxanth- 
ine promote the root growth of decotylised pea seedlings cultivated in the 
dark. The response observed was rather weak, however, and it seemed des- 
irable to find another species more suitable than the pea plant for a closeı 
study of the growth-promoting effect of adenine. Extensive screening tests 
showed that a particular strain of Lupinus Hartwegii reacted very strongly 


to adenine, and this species was therefore chosen as the experimental 
material. 


Material and Methods 


The cultivar roseus of Lupinus Hartwegi Lindl. was used in all experiments. 
The seeds were obtained from a commercial seed supply in Uppsala. The germin- 
ation percentage was rather low, and declined rapidly; seeds more than one year 
old were therefore not used. The material was obviously more heterogeneous 
genetically than the strains of pea earlier studied in similar tests, and the three 
separate supplies of seeds used for this investigation produced seedlings that 
differed slightly in response. The positive effect of adenine was always very strong, 
however. 

The seeds were sterilized by consecutive treatments with the following sterile 
solutions, a) 70 per cent ethyl alcohol for 10 minutes, b) 0.1 per cent mercury 
chloride solution for 15 minutes, and c) a concentrated, freshly prepared solution 
of calcium hypochlorite for 30 minutes. They were then washed twice with sterile, 
distilled water and placed upon water agar for germination. The seedlings which 
had developed after two days were aseptically transferred to ordinary culture 
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tubes with 10 ml. of the nutrient agar medium, either directly or after having been 
decotylised, i.e. deprived of their cotyledons. The composition of this agar medium 
tallied exactly with that earlier used for pea cultures {Fries 1954), with the single 
exception that it contained 0.8 instead of 1.5 per cent agar. In certain tubes some 
additional compound was included, the effect of which was to be examined. The 
cultures were incubated for 15 days at 25°C in complete darkness. Each series 
comprised at least 8 parallel cultures, from which the average values presented in 
the following diagrams and tables were obtained. 

During the course of the investigation certain modifications were made in this 
procedure (see below). 

The chemicals used for the nutrient medium were of “pro analysi” quality. The 
amino acids and purine derivatives tested were obtained from Hoffman—La Roche, 
Basel, with the exception of kinetin, which was a gift from Professor F. Skoog, 
Madison, Wisc. 


Experiments 


a) Adenine 


In the first experiments the effect was tested of those three substances, 
that earlier had proved to influence the growth of the pea seedlings (Fries 
1954). Each of these substances, viz., arginine, glycine, and adenine, were 
tested in three concentrations (Figure 1). Although arginine and glycine in 


1 3 10 1 3 10 artis 
ARGININE GLYCINE ADENINE TuREE 


Figure 1. Increase in length and dry weight of decotylised lupin seediings in agar nutrient 

medium with additions of arginine, glycine, and adenine. Broad white columns: dry weight 

in mg of shoot+hypocotyl (above zero line) and root system (below zero line). Narrow 

black columns: length in cm of hypocotyl (above zero line — the “flagstaff” at the top 

represents the shoot) and main root (below zero line). The substances were added in 
amounts of 1, 3, or 10 micromoles per tube, i.e. per 10 ml. of medium. 
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5 
0 
5 Figure 2. Effect of adenine at various sucrose 
concentrations with and without arginine and 
10 glycine upon the growth of decotylised lupin 
= seedlings. The upper half of the figure shows 


ponding dry weights, the white part of the 

columns representing the hypocotyl+shoot, 

Ad AG the black part the root system. Adenine, L- 

0 Ad Arg 0 Ad Arg 0 Ad Arg arginine, and glycine were added in amounts 


| 
10 semi-schematically the appearance of the 
U seedlings in the different series. The columns 
0 Q in the lower half of the figure give the corres- 
Ad 


er EEE ON er eye of 3 micromoles per tube. 
1% suc. 2% suc. 4%. Suc. 


low concentrations seemed to increase root length, they did not affect the 
weight of the seedlings. With adenine, on the other hand, the seedlings 
produced more dry matter, particularly in the roots. Curiously enough, this 
effect of adenine was strongly enhanced by the presence of arginine and 
glycine. These additions also mitigated the inhibitory effect of adenine on 
the increase in length of the root. 


The same can be seen in Figure 2. In this experiment three different con- 
centrations of sucrose were tested, viz., 1, 2, and 4 per cent. The inhibition 
of root elongation caused by adenine decreased with increasing sugar con- 
centration. The best result was always obtained with adenine, arginine, and 


glycine together. The development of the hypocotyl and the shoot was also 
considerably promoted. 


It appeared desirable to ascertain whether the seedlings responded to 
adenine when cultivated under these, undoubtedly highly unnatural condi- 
tions only, with the root system developing in the semi-solid, poorly-aerated 
agar medium. An experiment was therefore performed, in which the seed- 
lings were grown aseptically in a substrate of Pyrex beads, the roots being 
alternately flooded with a liquid nutrient solution and aerated. This was 
brought about by means of a subirrigation system which has proved to 
permit excellent development of many types of plants under aseptic con- 
ditions. 
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Table 1. Effect of adenine with and without arginine +glycine upon the growth of decotyl- 
ised lupin seedlings cultivated in glass beads by a subirrigation technique. 


SS 


Compound Length in mm No. of } Dry weight in mg 
‚added, laterals 
micromoles Shoot | Hypo- | Main |Lateral per per ie Root | Whole 
per tube cotyl | root | roots plant YPO" |system| plant 
cotyl | 
No addition 35 | 40 84.2 39.6 6 6.7 3.0 9.7 
Adenine, 1 41 46 72.8 73.9 7 8.5 4.7 13.2 
A eo 45 52 63.2 83.2 11 8.2 7.4 15.6 
Adenine, 3 
Arginine, 3 60 48 94.1 135.4 12 10.3 11.0 21.3 
Glycine, 3 


In this experiment, too, the effect of adenine was clearly manifest (Table 
1). The inhibition of root elongation was slight, and a stimulation of the 
development of lateral roots that never occurred in agar cultures was noted. 

For practical reasons, however, this technique could not be used as a 
routine method, and all subsequent experiments were performed by the 
agar method above described. 

The activity of some substances chemically and metabolically related to 
adenine was then investigated in two experiments (Table 2). Hypoxanthine 
and hypoxanthosine (inosine) were completely inactive, whereas guanosine 
in the lowest concentration caused a certain increase in root dry weight 
but no other positive effects. The effect of adenosine, on the other hand, 
was very much the same as that of adenine. In the highest concentration, 
however, 10 pmoles per tube, adenosine was still strongly stimulatory in 
all respects, whereas adenine produced only a slight increase in dry weight, 
a fall in the rate of elongation, and complete inhibition of the production 
of lateral roots. The somewhat different response to adenine in the two 
experiments might be due to the fact that the seeds belonged to two differ- 
ent supplies. 

In contrast to the pea seedling, the lupin seedling thus seems incapable 
of transferring hypoxanthine to adenine, to adenosine, or perhaps to some 
yet unknown metabolite of which adenine may be merely another precursor. 


Since indole acetic acid (IAA) exerts an influence similar to that of adenine upon 
the lupin seedling, it had to be borne in mind that the effect of adenine might 
be due to contamination with traces of indole acetic acid. Experiments showed 
that the two substances differed in their effects. In contrast to adenine, IAA pro- 
motes elongation of the laterals. The increase in dry-matter production, which 
reaches its maximum at about 0.01 umole per tube (i.e. 10°°M) for IAA, is consider- 
ably greater with adenine, although with adenine about 1 umole per tube (i.e. 
1074 M) is necessary to produce the maximum effect. In one experiment the 
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Table 2. Effect of adenine and other purine derivatives upon the growth of decotylised 
lupin seedlings in the dark. 


 ———————@—@— 


Compound Length in mm. No. of Dry weight in mg. 
Expt. added, laterals Shots 
No. micromoles Sr Hypo- | Main per | es Root | Whole 
per tube 1007 | cotyl | root plant | Me system| plant 
——————$— $$$ $$$ LT 
| 
No addition ......... 14 57 64.5 6 5.2, 1 19 Tel 
Adenine, 1 ......... 30 59 71.4 12 9.7 3.9 13.6 
ss BAG Pal aes BOS 30 58 44.3 8 9.3 8.5 17.8 
55 D cecaenee 11 40 24.3 0 6.7 Dee 11.9 
1 Adenosine, 1 ...... 29 59 61.9 11 8.4 3.4 11.8 
5: EE 37 97 54.0 16 10.3 8.9 19.2 
a LO. 22 59 46.7 ipl 8.4 8.2 16.6 
Hypoxanthine, 1...| 24 51 83.1 5 5.6 2.1 doi 
A ee, 15 61 63.7 6 | 64 2.3 8.7 
$3 , 10 10 56 73.0 5 ye: 1.9 74 
No addition ......... 12 45 34.7 6 | 4.4 1.6 6.0 
Adenine, 1 ......... 29 53 40.3 11 8.6 4.7 13.3 
ss Bas per tsb 14 51 18.5 4 7.4 3.9 | 11,3 
Er 10 see 9 34 15.8 0 5.1 2.8 7.9 
2 Inosine,s 1 7 - 9 45 30.0 5 4.8 1.6 6.4 
Er LS een 7 45 36.4 4 4.2 1.3 5.5 
elle) 9 47 43.9 8 5.2 1.9 Veet 
Guanosine, 1 ...... 7 36 40.4 6 4.1 4.2 8.3 
“A Pitt ea 10 42 34.9 5 4.9 1.5 6.4 
a ALORS 12 36 35.1 3 1.9 141 3.0 


following figures were obtained for the dry weight of the root system: control 2.6 
mg., with IAA 3.4 mg., and with adenine 7.2 mg. Another experiment showed that 
adenine is able to enhance the effect of IAA, the figures for root dry weight being: 
control 1.9 mg., IAA (0.01 umole per tube) 6.2 mg., IAA (0.01 umole per tube) 
plus adenine (3 umoles per tube) 10.6 mg. These results do not make sense if the 
adenine effect was simply due to contamination with IAA. 


A comparison was now made between decotylised and intact seedlings 
concerning their mode of reaction to adenine. The seedlings were cultivated 
in darkness as before, and glycine and arginine were added together with 
adenine in order to moderate the inhibition of root elongation caused by 
the adenine. As expected, the experiment showed that the intact seedlings 
grew much better than the decotylised, but also that the stimulatory effect 
of adenine on dry-matter production was just as evident in the intact as in 
the decotylised plants (Table 3). It should also be mentioned that the num- 
ber and average length of lateral roots was considerably greater in the 
former than in the latter. 

The more rapid development of the intact seedlings made them a more 
favourable experimental material, and they were therefore preferred to 
decotylised seedlings in the following part of the investigation. 

Physiol. Plant., 13, 1960 


EFFECT OF ADENINE AND KINETIN 473 


Table 3. The response of intact and decotylised lupin seedlings to adenine in combination 

with arginine and giycine. In the intact plants the dry-weight values do not include the 

cotyledons. +: with adenine, arginine and glycine, 3 micromoles per tube of each; 
—: without these substances. 


Length in mm. No. of Dry weight in mg. 
Plant Addi- laterals |- 
material tion Hypo- | Main La: per “hoot 7) Root | Whole 
Shoot teral lant hypo- 
cotyl root P system | plant 
roots cotyl 
RH AC EEE == 63 96.4 103.3 11 10.4 3.7 14.1 
ue HN 12 62 96.9 62.3 12 14.6 13.0 27.6 
Decotylised...... — 4 44 49.6 69.3 6 4.5 2.0 6.5 
Hen ne: = 10 41 53.4 23.0 5 8.5 6.9 15.4 


b) Kinetin 


An experiment with kinetin, the furfuryl derivative of adenine, suggested 
itself. It was immediately obvious that kinetin possessed an activity about 
one thousand times that of adenine, and that the qualitative response of the 
seedlings was in accordance. The first experiment included both decotylised 


DECOTYLISED |cm 


WI S1V431V7 


Figure 3. Effect of different concentrations of kinetin upon the growth of intact and deco- 
tylized lupin seedlings. The kinetin concentrations given in the figure as molarities corres- 
pond to the following quantities per culture tube: 0.003, 0.006, 0.015, and 0.03 micromoles. 
The cotyledons were removed from the intact plants before weighing. The upper half of 
the diagram refers to the plant above the root neck (—hypocotyl+shoot), the lower half 
to the root system. The columns indicate dry weight. The points for “laterals” mean 
the sum of the lengths of all lateral roots of one plant. These values, like all others, are 
average from 8 cultures. 
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Figure 4. Effect of different concentrations of kinetin upon the growth of intact lupin seed- 

lings. The kinetin concentrations given in the figure as molarities correspond to the föllow- 

ing quantities per culture tube: 0.0015, 0.003, 0.006, 0.015, 0.03, 0.06, 0.15 and 0.3 micro- 
moles. For further explanations see Figure 3. 


and intact plants (Figure 3). The maximum effect was obtained in the 
series with 0.003 umoles (0.6 ug.) of kinetin per culture tube. The intact 
seedlings in this series thus responded with higher values for dry weight, 
shoot length, and average length of laterals. Only main-root and hypocotyl 
length were unaffected. The decotylised seedlings in the same series, on 
the other hand, showed a strong positive response only with regard to root 
dry weight, all other values being similar to or less than those of the control. 
At higher concentrations of kinetin the inhibitory effect became more and 
more outspoken, except upon root weight, which in all kinetin series was 
several times greater than in the control. The favourable effects of kinetin 
were thus more pronounced in the intact than in the decotylised seedlings. 

In the next experiment, therefore, only intact plants were used (Figure 
4). A greater number of kinetin concentrations were tested, but the results 
completely conformed to those of the experiment just described. A total 
suppression of lateral root formation was noted in all cultures containing 
more than 0.03 umoles per tube (3010-7 M). In the series with 0.003 and 
0.006 umoles of kinetin per culture (3 and 6X10-7 M, respectively) the test 
plants surpassed the controls by a factor of 3 (total dry weight) or a factor 
of 10 (root system only), 

The appearance of seedlings from an experiment such as that just de- 
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Figure 5. The appearance of intact 
lupin seedlings cultivated with different 
amounts of kinetin. Micromoles of 
kinetin added to each culture tube: 
a) 0; b) 0.003; c) 0.015; d) 0.06. 
1/3 natural size. 


scribed is shown in Figure 5. In the optimum series, with 0.003 umoles of 
kinetin per tube, the root system in particular is obviously better developed 
than in the control. At higher kinetin concentrations the lateral roots be- 
come fewer but thicker, and, finally, no laterals at all are produced from 


Figure 6. An intact seedling grown in 10 ml agar nutrient medium 
with 0.3 umoles of kinetin. A piece of the abnormally expanded 
outer layers of the root is removed to show the centre of the 
root. Practically no cortex remains about the stele. Natural size. 
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Figure 7. The surface of the root from the seedling 
shown in Figure 6. For explanation see text. 200 X 


the main root. With increasing concentration the main root gradually be- 
comes thicker with almost no increase in length, at the highest concentra- 
tion assuming the appearance of a tuber or knob. This tuber, however, is 
very flaccid, because it consists only of a narrow, central part, the stele, 
surrounded by a much too large envelope, like a too-wide. stocking 
(Figure 6). 

The microscope revealed that this “stocking” consists chiefly of the exo- 
dermis, the cells of which are greatly stretched in tangential direction. As 
can be seen from Figure 7, the longitudinal strings of rhizodermis cells 
(dark on the figure) have been separated somewhat irregularly on the outer 
surface of the exodermis. On the inner surface of the exodermis rows of 
spherical cortex parenchyma cells can be seen similarly spread apart from 
each other. The cortex is almost completely torn asunder leaving a large 
interspace between exo- and endodermis. 


c) The light factor 


In a few experiments the influence of kinetin was studied with lupin 
seedlings grown in continuous light. The light-source was a combination of 
an incandescent lamp and a mercury lamp, which produced c. 4000 lux 
at the distance at which the cultures were placed. The development of the 
root system of light-grown plants was inferior to that of dark-grown ones. 
This was at least partly due to a direct inhibitory action of the light on the 
roots, since the root-system was considerably better developed when screen- 
ed from light by black paper (Figure 8). In such cultures the effect of 
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Figure 8. The appearance of intact seediings cultivated under different light conditions 

with and without kinetin. Top row (a and b): total darkness; middle row (c and d): only 

root system in darkness; bottom row (e and f): totally illuminated. The series to the 

left (a, c and e) without kinetin; the series to the right (b, d and f) with 0.003 micro- 

moles kinetin per culture tube. In this experiment there were only seven parallels in 
each series. 1/3 natural size. 


kinetin on root growth was just as strong as in the dark-cultures, whereas 
the totally illuminated seedlings scarcely responded at all. In the dark- 
grown, but not in the light-grown plants, a positive effect, albeit rather weak, 
of kinetin on the development and dry-matter production of the shoot could 
be observed. 

Other experiments showed that the response to adenine was similarly 
conditioned by light, Since kinetin and adenine are not decomposed by light, 
the inactivity of these substances in light seems to depend upon a change 
in the sensitivity of the root system caused by the irradiation. 

It may be mentioned in this connection that excised Jupin roots grown 
by the same technique also responded to kinetin only in darkness (Table 4). 
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Table 4. The growth of excised roots in light and darkness compared with that of intact 

roots of seedlings cultivated in the dark. Kinetin: 0.003 micromoles per tube, when present. 

“Light” -means total and continuous illumination. “Lateral roots” means the sum of: the 

lengths of all laterals insone root system, the figure being the average value of all eight 

root systems in each series. The cotyledons of the intact plants were removed before 
weighing. 


Length in mm. 


Dry weight in mg. 


Light | ,r: a 
Material condi- un Hypo-| Main |Lateral ee 22 > Whole 
tions ences cotyl | root | roots Bate ks plant 
en ee 
Excised roots ......... Light — — — 18.6 | 26.8 = 5.6 — 
5 sc > + — = 17.0 17.8 — 6.8 — 
‘i RE re Dark | — — — 54.0 95.1 — 8.6 — 
55 esse ne + — — 31.5 | 160.2 — 20.6 — 
Decotylised seedlings SS == 2 50 19.6 14.5 4.0 0.8 4.8 
% ” »» + 28 56 26.8 | 108.1 12.6 10.2 | 22.8 
Intact seedlings ...... es — 3 70 47.8 95.1 7-1 1.8 8.9 
> RUE GS re + 19 67 30.6 | 228.8 13.9 11.5 | 25.4 


d) Does the adenine sample contain kinetin 


Since kinetin is about one-thousand times more active than adenine in 
the lupin-growth tests a very small amount of kinetin as contaminant in 
the adenine sample used could account for the entire adenine effect. 

The activity of several preparations from different sources were therefore 
investigated, viz., adenine from Hoffman—La Roche (Basel), Light & Co. 
(Colnbrook), and Eastman Co. (Rochester, N.Y.), and adenosine from Hoff- 


Table 5. Effect of the ethyl ether and water fractions of adenine and kinetin solutions 

upon the growth of intact lupin seedlings cultivated in the dark. The cotyledons were 

removed before weighing. Adenine (3 micromoles per tube) and kinetin (0.003 micromoles 

per tube) were supplied as water solutions, either untreated, or after shaking with ethyl 
ether (see the text). 


Length in mm. Dry weight in mg. 

Added solution, —— 

1 ml. per tube Hypo- | Main- | Lateral Shoot) Root Whole 
Shoot | cotyl | root | roots | BYPO- | sys- l 

y oots cotyl | tem plant 
Distilled water, untreated .......... 5 66 54.2 63.7 7.0 1.6 8.6 
Do., treated with ether, water fraction 5 64 32.2 56.6 8.4 1.6 10.0 
Adenine, untreated ................- 12 70 41.1 40.6 11.8 7.4 19.2 
Do., treated with ether, ether fraction 5 71 54.2 | 128.1 8.6 2.4 11.0 
Do. treated with ether, water fraction, 17 63 59.8 44.0 21 8.7 20.0 
Kinetin = untreated’ ne. meee Pl 34 64 36.3 | 250.7 | 19.4 | 18.7 38.1 
Do., treated with ether, ether fraction! 37 62 52.0 | 292.8 | 17.1 | 140 31.1 
Do., treated with ether, water fraction! 17 63 51.3 | 196.8 12.1 3.8 15.9 
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man—La Roche and Light & Co. No difference in activity was found be- 
tween samples of different origin, however. 

The fact that kinetin, in contrast to adenine, is soluble in ethyl ether 
(Miller et al. 1956) suggested a possible means of separating the two sub- 
stances from each other if both. were present in the same sample. Adenine 
was therefore shaken three times with peroxide-free ether, the combined 
extracts evaporated to dryness, and the residue dissolved in water. For 
comparison, kinetin was treated in the same way. In both cases the ether 
fraction, the water fraction, and the untreated sample were tested in an 
experiment with intact lupin seedlings grown in darkness. 

The result of this experiment clearly shows that no measurable quantity 
of kinetin can be present in the preparation of adenine (Table 5). Conse- 
quently adenine and kinetin are both able to influence growth and develop- 
ment of the lupin seedling in the manner described above, but the latter 
substance is about one-thousand times as active as the former. 


Discussion 


The experiments reported in this paper show that kinetin, like indole- 
acetic acid, even in a very low concentration is able to produce an array of 
different effects in one and the same organism, in this case the seedling of 
a particular strain of lupin. The type of response depends upon the con- 
centration applied, upon other environmental conditions (particularly the 
light factor), and of course, upon the part of the plant that is reacting. 

As far as the light factor is concerned, it is obvious that totally illumin- 
ated intact seedlings respond very weakly or not at all to kinetin. The 
sensitive part is the root system; if this alone is kept in darkness, the 
kinetin effect manifests itself in all parts of the plant. 

It is an interesting fact that decotylised seedlings growing in darkness 
react in a way which in some respects differs from the response of intact 
seedlings. Thus, there is no stimulation of shoot growth and lateral-root devel- 
opment. This may indicate that a factor produced by the cotyledonsis necessary 
in addition to kinetin for the response of these organs of the plant. Torrey 
(1952) found evidence for the existence of such a cotyledon factor (or 
factors) in the pea plant, where it is essential for lateral-root initiation. Later 
studies showed (Torrey 1956) that in the absence of the cotyledon factor 
a mixture of auxin, thiamin, niacin, and adenine induced lateral-root initia- 
tion in the pea root. Contrary to what has been found in the present inves- 
tigation on the lupin, kinetin did not produce any stimulation of lateral-root 
formation in the pea plant. 
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Other cases are known, however, where adenine and kinetin are mutually 
interchangeable, at least to a certain extent, e.g. in shoot production from 
the tobacco tissue culture (Skoog and Miller 1957) and in leaf growth (Ku- 
raishi and Okumura 1956). Kinetin is always active in much lower concen- 
trations than adenine. 

The great increase in volume of the main root caused by high concen- 
trations of kinetin is obviously quite different from the kinetin-induced 
pseudonodule formation described by Arora, Skoog, and Allen (1959) in 
tobacco roots. In the lupin roots the enlargement is chiefly due to an in- 
crease in volume of the cells in peripheral tissues, in contrast to the tobacco 
roots, where the nodules are the result of induced mitotic activity in local 
groups of cortical cells. Such an effect of kinetin on cell enlargement with- 
out cell division was also observed by Kuraishi and Okumura (1956) in 
leaf-growth tests with Raphanus sativus. 


Summary 


The dry matter production of seedlings of Lupinus Hartwegü cv. roseus 
cultivated aseptically in darkness was strongly stimulated by 107? M ade- 
nine and by 10-7 M kinetin. At higher concentrations the response was 
abnormal. 


Kinetin stimulation was studied in some detail, using both intact and 
decotylised seedlings as test objects. 


In the intact plants growing in darkness the stimulation resulted in accel- 
erated growth rate of the shoot and lateral roots, and in great increase in 
dry weight of all parts of the plant. Higher concentrations of kinetin in- 
hibited the elongation of the main root, and above certain threshold values 
the various manifestations of stimulation disappeared. At the highest con- 
centrations the normal pattern of differentiation broke down, and the seed- 
ling became quite abnormal in appearance. 


On the other hand, in decotylised seedlings growing in the dark, kinetin 
did not promote the growth of the shoot and lateral roots. This may indicate 
the existence of some factor produced by the cotyledons necessary, together 
with kinetin, for the response of these organs. 

Totally illuminated intact seedlings responded very weakly or not at all 
to kinetin. However, if the root system alone was kept in darkness, kinetin 
produced a positive effect on all parts of the plant. 

The striking changes in the morphology of the main-root are described 
and interpreted as chiefly due to a differential increase in celi volume. 
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The author is greatly indebted to Professor F. Skoog, University of Wisconsin, 
for a sample of kinetin, and to Mrs. Harriette Cedervall for valuable technical 
assistance. 

Most of the matter of this paper was presented at the Cambridge Conference of 
the Society for Experimental Biology in April 1957. 
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Introduction 


Wheat plants cultivated in a greenhouse or under artificial light give dif- 
ferent transpiration patterns. When the light is turned on in a determination, 
the transpiration increases up to a constant level; this level is reached after 
a period of oscillation for plants previously grown under artificial light, 
whereas plants grown in the greenhouse do not show any oscillations. These 
differences can be tentatively explained as an effect of the different light 
conditions during cultivation. (The data will be published in a forthcoming 
paper by Rufelt.) 

This paper describes some transpiration measurements of wheat plants 
cultivated under various environmental conditions, with special considera- 
tion given to the occurrence of oscillation patterns. Light intensity, light 
quality, and temperature have been varied in these experiments. 


Methods 


The experiments have been carried out in the phytotron at the Institute of 
Genetics, Uppsala. For a description of the phytotron see Björkman et al. (1959). 
The test material was Svalöf’s “Diamant II” spring wheat and the nutrient solution 
had the following composition: KNO; 1 mM, Ca(NO3)o 1 mM, KH2PO, 1 mM, MgSO, 
0.5 mM, and Fe-Versenate 0.01 mM. The seeds were germinated on moist filter paper 
in Petri dishes for 48 hours and were then transferred to “Perspex” holders placed 
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in glass vessels containing about 5 litres of well aerated nutrient solution per 33 
plants. The day length was 12 hours and the relative humidity 75 °/o in all series. 
The solutions were not changed during an experiment. 

Transpiration measurements. When the first and second leaves were of equal 
size, after 8 to 10 days, the plants were taken from the phytotron and the trans- 
piration was immediately determined in the laboratory, using a Corona hygrometer 
(Andersson et al. 1954). During the determination the plants were illuminated with 
a Philips “Attralux” incandescent lamp giving a light intensity of 25,000 Lux and 
the temperature was 20°C. The roots were placed in a beaker containing an aerated 
nutrient solution of the same composition as the one used in the phytotron, but 
diluted 10 times. Each determination was made with 6 to 8 plants. 


Results 


Light intensity and temperature series 


Vessels were placed at three distances from the light source which gave 
light intensities of 3000, 6—7000, and 10—12000 Lux, respectively, nieasured 
with a “Lange” lux meter. The wave length of the light ranged from 3000 
to 18000 Ä. These experiments were carried out at three temperatures; 15°, 
20°, and 25°C. 

The results are presented in Figures 1, 2, and 3. With plants, grown at 
15°C, no oscillations appear in the transpiration curves. On the other hand, 
the curves for “20°C plants” show distinct oscillations but with “25°C plants” 
the oscillations are smaller. 

A significant effect of the light intensity is found with “20°C plants”. The 
oscillations in transpiration are strongest at low intensities and almost dis- 
appear at the highest intensity. The light intensity does not seem to have any 
marked effect with “15°C” and “25°C plants”. In order to ascertain that 
the differences between “15°C” and “20°C” series were not caused merely 


Figure 1. Transpiration curves for wheat plants 
grown at 15°C and three different light intensities. 
1=3000 lux 

2=6000 lux 

3=12000 lux 

On the ordinate relative humidity °/o. 

Light on at the arrow. 30 


20 MIN 40 
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Figure 2. Transpiration curves for 
wheat plants grown at 20°C and 
light intensities as in Figure 1. 


30 20 40 MIN 60 


V2 


Figure 3. Transpiration curves for 
wheat plants grown at 25°C and light 
intensities as in Figure 1. 30 


— 
20 40 MIN 60 


by differences in physiological age, transpiration measurements were made 
after 4, 6, and 8 days with plants growing at 20°C. After 6 days, when the 
first leaf was fully developed and the second leaf had started to appear, the 
transpiration curves already showed oscillations of the same magnitude as 
those occurring after 8 to 10 days. 


Light quality series 


Two compositions of light were tested. In one series wave lengths above 
7600 À were excluded, in another wave lengths below 4000 A; i.e. the mate- 
rial was grown without infra-red or ultra-violet light, respectively. The 
temperature was 20°C in both cases. 

No effects were obtained on transpiration by changing the light quality. 
The transpiration patterns were the same as the corresponding patterns with 
complete light given above. 
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Discussion 


The occurrence of oscillations in transpiration has been explained on the 
basis of a discrepancy between the hydro- and photoactive phases of the 
Stomatal movements (Andersson et al. 1954, Stälfelt 1955). New investiga- 
tions of ours show that some other agent may be involved, but the oscillations 
are also affected by the supply of water to the leaves. Plants that do not 
give rise to oscillations under normal conditions can be forced to do so, if 
the water uptake is inhibited by an addition of mannitol to the root medium 
or by a decrease of the root temperature. The results presented in this paper 
cannot be due to differences in the physiological age of the plant material 
in the series compared. It is reasonable to suppose that plants in the same 
stage of leaf development are also of the same physiological age. All trans- 
piration determinations were made when the first and second leaves were of 
equal size. Experiments with plants at different stages of development show- 
ed that the transpiration pattern was fully developed when the second leaf 
began to appear. Thus, the differences found between plants grown in dif- 
ferent environmental conditions must be related to differences in anatomical 
structure or some physiological activity that may possibly affect the water 
passage through the plant. Changes in physiological activity are not caused 
by conditions during the determinations but are, without doubt, acquired 
during the preceeding period of cultivation. It is not likely that differences 
in transpiration are caused by different properties of the stomata (differences 
in speed of the stomatal movement, etc.) because the first phase of the 
opening goes as quickly in plants showing oscillations as in those that do 
not, as is seen in the figures. 

The damping of the oscillations in the “15°C” and the “25°C plants” 
seems to. have different causes. The plants show quite different structures. 
“15°C plants” have broad, rigid leaves and a normal appearance while 
“25°C plants” are limp and the leaves are long and narrow. We know that 
the. main cause for this condition lies in differing relationships between 
photosynthesis and respiration at different temperatures which affects, 
among other things, the carbohydrate balance in the plant. This may possibly 
have an influence on the “root pressure” as well as on conducting tissues, 
e.g. root permeability and cell wall structure. A direct formative effect of 
light and temperature cannot be disregarded in this connexion. 


Summary 


Wheat plants have been cultivated under different environmental condi- 
tions and their transpiration has been determined; emphasis has been given 
to the study of oscillation patterns. It was shown that with plants grown at 

Physiol. Plant., 13, 1960 


486 CIRL FLORELL AND HENRY RUFELT 


20°C the oscillations were pronounced, but were weak at both 15° and 
25°C. Different light intensities had no effect at 15° and 25°, at 20° on the 
other hand, the oscillations in transpiration were greatest at low intensities 
and almost disappeared at the highest intensity. No effect of changes in light 
quality were found. 

Changes in physiological activity arising from the preceeding period of 
cultivation have been discussed in relation to the results obtained. 


We wish to express our gratitude to Professor Axel Nygren for permission to use 
the phytotron. 
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The most interesting plant physiological problem of our hydrobiological 
investigations is the utilization of hydrocarbonate ions by unicellular algae 
for their photosynthetic processes. Algal strains isolated from carbonate 
containing, more or less alkaline water bodies, which are of frequent occur- 
rence in Hungary, show very vigorous assimilation even at low hydrogen 
ion concentrations. 

It has been undoubtedly demonstrated by Österlind (1947, 1949) that 
the planktonic green alga, Scenedesmus quadricauda is able to utilize directly 
hydrocarbonate ions, as carbon sources, whereas the photosynthesis of the 
similarly thoroughly investigated Chlorella pyrenoidosa is bound to the ~ 
presence of free carbon dioxide (Warburg 1919, Emerson and Green 1938, 
Österlind 1950), though bicarbonate ions are also able to penetrate into 
Chlorella cells. The rate of penetration is, however, so low that it is of import- 
ance for photosynthesis only under special conditions (Steemann Nielsen 
and Jensen 1958). 

There are some evidences that speak for the bicarbonate utilization by 
unicellular algae: 

Photosynthesis continues even above pH 8.4, moreover it has its optimum 
above this value. 

Photosynthesis begins with characteristic lag-period after the start.of illu- 
mination (photoactivation of bicarbonate assimilation). 

Free carbon dioxide assimilation is much less inhibited by KCN than photo- 
synthesis in the presence of a surplus of bicarbonate and carbonate ions 
(Österlind 1949, 1951, 1951 a, 1952, 1952 a). 
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Materials and Methods 


In the experiments reported here two bacteria-free algal strains were used: 953. 
Coelastrum microporum Näg., isolated from Lake Balaton and 3153. Chlorocloster 
terrestris Pascher, from a garden soil at Tihany in 1955 by Zsuzsa F. Kalké. The 
isolated algae are kept in a Northern window as sterile stockcultures in tubes on 
a medium solidified with 1,5 °/o agar and containing glucose, peptone, yeast hydro- 
lysate and the inorganic salts of Knop-Pringsheim nutrient solution (Pringsheim 
1946). 

The cultures for the experiments were prepared as follows: the algae were in- 
oculated into 1000 ml. Erlenmeyer flasks containing 500 ml. Knop-Pringsheim 
inorganic liquid medium. The Erlenmeyer flasks were illuminated by incandescent 
lamps (c. 7000 Lux). The suspension was flushed with a stream of air containing 
3 °/o washed carbon dioxide through a glass tube closed by a cotton plug. The 
average room temperature was 20°C, the temperature of the suspensions, however, 
was 4—5 degrees higher dependent on duration and intensity of illumination. The 
pH of aerated cultures was 6.5, but a small fluctuation in pH was observed during 
the several weeks long period of cultivation. 

For photosynthetic measurements aliquots were taken from one month old cul- 
tures (pH about 7). By means of centrifuging the algal cells were washed three times 
with the experimental solutions prepared as described subsequently and were re- 
suspended in them. The concentration of algae was adjusted to about 1000 cells/ul. 
by cell count in Bürker haemocytometer. The rate of photosynthesis was measured 
by the usual Warburg method (Warburg 1919, Gaffron 1939). 

For the experiments on photosynthesis, solutions of different and known carbon 
content were prepared by blowing washed CO;-gas through a 3 mM KOH solution, 
and were adjusted by pH-measurements (pH-Electrometer, type 2512, Orion, Buda- 
pest, with glass electrode and a 0.1 N calomel half cell). The proportion of the 
various carbonic acid components in the solutions was determined on the basis of 
the relations existing between pH and the composition of the KOH-K,CO3-KHCOs 
buffer system from a diagram constructed by us (Felföldy 1960). 

To measure the inhibitory effect of KCN standard KCN-solution (50 uM in the 
final volumen) was prepared in a 3 mM K,CO solution. Its pH was adjusted by 
CO:-bubbling to the same value as that of the corresponding experimental suspen- 
sion. 


The concentration of the non-dissociated acid HCN in the solution was computed 
by the formula 


[H*] : [salt added] 


HCN = 
(K,] + [H°] 


in which K,=—7.2 : 10710, the dissociation constant of HCN (Damaschke, Rotbiihr 
and Tôdt 1955). 

The solutions of the inhibitor were pipetted into the side arms of the mano- 
meter vessels. The procedure of each experiment included measurement of the 
non-inhibited photosynthesis in all flasks during one and a half hour. Thereafter 
the corresponding KCN solutions were tipped into the main space of the vessels. 
After ten minutes, when temperature equilibrium was re-established, the mea- 
surements were continued for three. hours. 
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The results of measurements are given in ul O2/1 mg. dry matter of algae/hour 
units. The inhibition is expressed by indicating the decrease in rate as a percentage 
of the control (Bierhuizen 1957). The dry matter was determined by filtering 
aliquots of suspension through weighted filter paper “Delta” No 368, and drying 
them at 105° to constant weight. 


Experimental Results and Discussion 


The properties of the experimental suspensions and the results of photo- 
synthetic measurements are tabulated in Tables 1 and 2. 

As it is seen in the Tables both algal strains investigated are able to 
utilize directly bicarbonate ions for their photosynthetic processes. In the 
strain Chlorocloster terrestris a similar behaviour was observed to Scene- 
desmus quadricauda used in Osterlind’s experiments (1949, 1952). The pH 
optimum of its photosynthesis falls between 8 and 9. Its inhibition with 
cyanide is relatively small below pH 7 (40 °/o) and grows parallel with the 
decrease of the amount of carbon dioxide. 

In the case of Coelastrum microporum the inhibition of photosynthesis 
with KCN is very remarkable (six similar experiments not discussed here). 
A 77 °/o inhibition was registered even at pH 5.42 (compare the experiments 
No 2 and 10), whereas in solutions, in which the concentration of free 
carbon dioxide decreased below 0.01 mM/l., photosynthesis stopped com- 
pletely on the effect of cyanide (8.1 uM HCN). 

Comparing some literary data and the results obtained by us different 
behaviours in inhibition of photosynthesis with cyanide can be observed 
in the case of different strains. The inhibition of photosynthesis in Chlorella 
pyrenoidosa is 9 °/o (44 uM KCN at pH 5, Yuan and Daniels 1956, 529). 
A Scenedesmus strain used by Gaffron (1943) showed a 47—62 °/o inhibi- 


Table 1. Inhibition of photosynthesis in Chlorocloster terrestris at various pH values 
by 50 uM KCN. 


E H RE SHCN ee Per cent, 
LS Re 
os pP "CQ, “HCO, CO, M synthesis inhibition 

1 5.25 > 7.00 3.00 < 10-1 0.0 26.2 
2 5.25 > 7.00 3.00 =< 10-4 50.0 15.7 40.1 
3 7.00 0.66 1 2.99 1.6 - 10-3 0.0 29.7 
4 7.00 0.66 2.99 1.6 - 10—3 49.9 10.3 65.4 
5 8.85 9.0 - 10-3 2.76 0.12 0.0 24.2 
6 8.85 9.0 - 10-3 2.76 0.12 33.4 5.3 78.1 
7 9.82 5.8 - 1077 1.65 0.62 0.0 12.9 
8 9.82 5.8 : 107 1.65 0.62 8.6 9.6 74.6 
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Table 2. Inhibition of photosynthesis in Coelastrum microporum at various pH values 
by 50 uM KCN. 


re 


| mM/litre Rate of 


Exot L “HCN ur Per cent 
<xpt. on =e ne 
P I co, “HCO, «CO, LM synthesis inhibition 
| 
9 | 542 | >10 3.00 <—107 | 0.0 24.7 
10 | 5.42 > 7.00 3.00 =D Ina 5.6 77.4 
1100/0879 0) “0.01 2.78 0.10 | 0.0 39.0 
125.) :38.794.1..0.01 2.78 0.10 | 34.6 1.3 96.7 
13417 9,8500) 7 5.2410 1.60 0.64 | 0.0 30.6 
14 | 9.85 5.2.1077 1.60 0.64 ERST 0.0 100.0 


tion in a 25 mM bicarbonate solution, in the presence of 125 uM HCN. 
Österlind (1952) reported a 37,5 °/o inhibition in a strain of Scenedesmus 
quadricauda at pH 5.8 and 50 uM KCN. From the species investigated by us, 
in Chlorocloster terrestris at pH 5.25 40 % inhibition, in Coelastrum micro- 
porum at pH 5,42 77 °/o inhibition occurred. 

If Österlind’s supposition can be accepted, according to which the assi- 
milation of inorganic carbon by algal cells is operated by two different 
mechanisms, from which the process of the absorption of CO, molecules 
is only slightly inhibited by KCN of low concentration (about 50 uM) in 
contradistinction to bicarbonate assimilation, which is more inhibited by 
KCN (Österlind 1951 a), we may assume that by species of low cyanide 
sensitivity almost only carbon dioxide is assimilated, whereas the greater 
cyanide sensitivity in certain species indicates, that these strains are able 
to utilize bicarbonate ions too. 

Some strains of Chlorella cannot utilize bicarbonate ions (Österlind 1951, 
Steemann Nielsen 1952, Felföldy 1960, 1960 c), only under special condi- 
tions (Steemann Nielsen and Jensen 1958) or after some “training” (Fel- 
földy 1960 a). Their cyanide sensitivity is low (Yuan and Daniels 1956). 
There are several Scenedesmus Species, which easily assimilate over pH 9 
and are able to utilize bicarbonates (Österlind 1947, Felföldy 1960 b), and 
their cyanide resistance is moderate (Gaffron, 1943, Österlind 1952). The 
behaviour of Chlorocloster terrestris is much the same. In Coelastrum 
microporum the optimum of photosynthesis falls, especially after some 
training, between pH 9—10 and this strain shows a good photosynthetic 
activity in a solution of 1.04 mM COs, 0.33 mM HCO; concentrations. It 
may be assumed, therefore, that this strain assimilates hydrocarbonate ions 
even in the presence of carbon dioxide, whereby its great cyanide sensi- 
tivity at pH 5.42 can be readily understood. 

The measurement of the degree of inhibition by solutions of low KCN 
concentration (about 50 uM), at different pH values seems to be a good 
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method to determine to what extent the different algal strains, natural 
phytoplankton populations, or variously treated cells of certain algae are 
able to meet their inorganic carbon requirements from bicarbonate ions. 
From hydrobiological point of view the solution of this problem would 
be of great importance in the estimation of the primary production of 
phytoplankton, especially in alkaline, carbonate containing water bodies. 
On the other hand, the possibility of selection of strains, that do not 
require exclusively free carbon dioxide for their photosynthesis, would 
also be of great advantage in the mass culturing of algae. 


Summary 


Cyanide sensitivity of the photosynthesis of two strains of unicellular 
algae was measured at low (50 uM) KCN concentration and at different pH 
values (pH 5.2—9.8). The experiments revealed that both strains are able 
to utilize hydrocarbonate ions, Coelastrum microporum Näg. better than 
Chlorocloster terrestris Pascher. The degree of the inhibition of photosyn- 
thesis, at alow KCN concentration, seems to be the measure of the ability 
of bicarbonate utilization by unicellular algae. 


The author is indebted to Mrs. Zsuzsa F. Kalkö for her helpful assistance in 
experiments and for English translation. 
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Effect of Mycorrhizal Fungi and Auxins on 
Root Development of Sugar Pine Seedlings 
(Pinus lambertiana, Dougl.) 


By 


JANE MURDOCK ULRICH 
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Many investigations have been reported since Frank (1885) )initially 
described the root-fungus relationship as a “mycorrhiza”. The findings 
have indicated that coniferous seedlings receive some benefit from a my- 
corrhizal association. Comprehensive reviews of the literature have been 
done by Melin (1953), Hatch (1937), Bjorkman (1949), Kelley (1950) and 
others. Briefly, the benefits have been thought due either (1) to an increased 
absorbing area for soil nutrients from the greater surface area of mycorr- 
hizal roots and mycelial strands (Stahl 1900, Hatch 1937), (2) to increased 
drought resistance (Cromer 1935), or (3) to greater exchange capacity of 
mycorrhizal roots with respect to hydrogen ion concentration (Routien and 
Dawson 1943). In 1958 Slankis proposed that auxin produced by the fungus 
causes increased branching of pine roots. He observed that excised roots of 
Scots pine (Pinus sylvestris L) branched dichotomously in a solution in 
which Boletus variegatus had grown and also in solutions containing indole- 
acetic acid (IAA) ! or naphthalene acetic acid (NAA) (Slankis 1948, 1949, 
1950). However, his experiments must be extended to include other species 
of pine before it can be concluded that all pine roots branch dichotomously 
because of the auxin produced by mycorrhizal fungi. 

The purpose of this study was to see if either a mycorrhizal association 
or auxin applicatian would cause the roots of sugar pine seedlings to branch 


1 The following abbreviations are used: indoleacetic acid (IAA), indoleacetonitrile 
(IAN), indolealdehyde (IAl), naphthalene acetic acid (NAA). 
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dichotomously. It was found that neither IAA nor Boletus badius nor B. 
variegatus on the roots resulted in dichotomy, but that seedlings grown 
aseptically for six months in the dark developed dichotomously branched 
short roots, and that indoleacetonitrile (IAN) caused dichotomy after two 


weeks of treatment. 


Methods 


Unstratified sugar pine seeds were sterilized by removing the outer seed coats 
and soaking the seeds for fifteen minutes in a 0.525 °%/o (w/v) solution of sodium 
hypochlorite to which a few milligrams of Dreft (Procter and Gamble) were added 
as a wetting agent. The seeds were then rinsed six to eight times with sterile 
distilled water, and the inner integument and nucellar cap were removed aseptic- 
ally. The seeds were germinated on damp filter paper in petri dishes in the dark 
at room temperature (ca. 23°C). 

In two experiments, entire seedlings were cultured in 25 ml. of nutrient solution 
in petri dishes in complete darkness, except for brief exposures to a 15-watt green 
fluorescent light during the time the seedlings were measured or transferred to 
fresh solutions. In the third experiment, the shoot was in the air, but the roots 
were maintained under aseptic conditions in 125 ml. flasks containing 40 ml. of 
nutrient solution (Figure 1). Sterile, nonabsorbent cheesecloth was wrapped around 


€ 


A B C 
Figure 1. Three-month-old sugar pine seedlings associated with Boletus badius (A),:B. 
variegatus (C), and sterile roots showing abundant root hairs (B). (a) Fungus mycelium. 
(b) Reflection on wall of flask. 
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the flask and over the top of the plug to minimize contamination, and aluminum 
foil painted black mside was wrapped around the flask to keep the roots in the 
dark. The flasks were partially submerged in a 20°C waterbath in the greenhouse 
to maintain a favorable root temperature and also to provide good light conditions 
for photosynthesis. The solutions were changed once a month. 


The nutrient medium was a modification of that used by Slankis (1948) and 
contained 25.0 mg. KNO,, 55.6 mg. Ca(NO3);: H20, 20.5 mg. MgSO,-7H,O, 10 mg. 
KH2PO,, 2.7 mg. FeCl;:6H20, 0.1 mg. ZnCl:. 0.16 mg. MnCly-4H,O, 0.19 mg. 
NasB,0- : 10H20, 0.01 mg. NagMoO,-2H,0, 100 ug. pyridoxine hydrochloride, 500 
ug. choline chloride, 50 ug. thiamin chloride, 0.05 ug. biotin, and 40 g. glucose 
in one liter of glass-distilled water. Sterilization was accomplished by boiling the 
vitamin-free medium at atmospheric pressure for ten minutes. The Seitz-filtered 
vitamins were added before the medium had cooled completely. The final pH 
of the solution was 4.6—4.8. 

Pure cultures of Boletus variegatus and B. badius were provided by Dr. Nils 
Fries of the Institute of Physiological Botany, Uppsala, Sweden. Stock cultures 
were maintained on Hagem agar (Fries 1943) having the following composition 
per liter: 5.0 g. malt extract, 5.0 g. glucose, 0.5 g. KH,PO,, 0.5 g. MgSO, : 7H,0, 
0.5 g. NH,Cl, 15 g. agar, and 0.5 ml. of a 1 °/o solution of FeCl;. The method of 
inoculation was to place a piece of the fungus mycelium on the roots of the seed- 
lings. 

Tests for IAA and IAN were carried out by extraction of the media with 
peroxide-free di-ethyl ether. Identification of the compounds was by ascending 
paper chromatography using isopropyl alcohol, NH,OH (28 ‘/), water (8:1: 1) 
(Sen and Leopold 1954). Salkowski spray reagent, as modified by Gordon and 
Weber (1951), was used for color development of the spots. 


Results 


Sugar pine seedlings from a forest nursery showed typical mycorrhizal 
roots (Figure 2). White, brown, and thick black mycelial strands were 
found associated with the short roots (Figure 3). The microscopic structure 


Figure 2. Roots of sugar pine seedlings (1—0) 6-7 
stock from Placerville Nursery showing . | PF 
normal root morphology. The numbers in- aH 
dicate inches. (Picture taken by Dr Frank == ~~ Ji 
Baron of the Pacific Southwest Forest and u. —- ee 
Range Experiment Station.) 
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Figure 3. Appearance of mycorrhizae on one- 
year-old sugar pine seedling from the Placerville 
Nursery (X 22). 


of the roots showed the typical hyphal mantle, Hartig net, and also intra- 
cellular hyphae in some cases. The fungus symbionts were not identified. 

Seedlings grown in flasks in the greenhouse formed a typical mycorrhi- 
zal association (Figure 4). Only one seedling developed a dichotomous root. 
The seedling was in association with B. variegatus. Lateral root formation 
of these young seedlings was exceedlingly variable and no significant dif- 
ference in number of lateral roots was found between the different treat- 
ments. Root morphology is shown in figure 5. 

Seedlings shown in figure 6 had grown in the complete nutrient medium 
with B. variegatus or B. badius for one month in the dark to compare sugar 
pine response to that of Scots pine roots. Slankis (1948) demonstrated that 
Scots pine roots branched dichotomously in solutions supporting B. varie- 
gatus, even when the fungus did not touch the roots. However, sugar pine 
roots growing in the presence of the mycorrhizal fungi (Figure 6, A, B) 


Figure 4. Cross section of sugar pine root grown 
in association with Boletus variegatus in flask 
for five months, showings loose fungus mantle 
(a), and Hartig net (b), (X 200). The material 
was fixed in Navaschins solution and stained 
with safranin, fast green, orange G, and methyl 
violet 2B. 
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Figure 5. Four-month-old sugar pine seedlings associated with B. variegatus (A), or B. 
badius (C), and control seedlings (B), showing variable root development in flask culture. 
Note absence of dichotomous roots. (Scale in inches.) The average increase in number 
of lateral roots per seedling was 20 in A, 26 in B, and 8 in C. This was computed by 
subtracting the initial number of lateral roots from the final count and taking the average. 


+ 


were brown and unhealthy in comparison to the succulent white root tips 
of the control set (Figure 6, C). Table 1 shows that the number of lateral 
roots was approximately the same. No dichotomously branched roots ap- 
peared. 

All of the foregoing treatments did not cause sugar pine roots to branch 
dichotomously. To be sure, one seedling associated with B. variegatus in 
flask culture produced a single dichotomous root, but it will later be shown 


Figure 6. Sugar pine seedlings grown in dark for one month in association with Boletus 

variegatus (A), B. badius (B), and no fungus (C). Lateral roots shown in C were white and 

succulent, while roots in A and B were brown and unhealthy in appearance. The nutrient 
medium contained 4 °/o glucose, minerals and vitamins. (e) Endosperm. 
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Table 1. Number of lateral roots per seedling after one month of growth in petri dishes 
in the dark in association with fungus. 


EEE 


Seedling No. | Control |B. variegatus| B. badius 
il 7 1 1 
2 5 2 0 
3 0 1 0 
4 5 8 0 
5 1 0 2 
6 3 1 5 
7 1 3 0 
8 8 4 0 
9 1 6 2 
Average 3.4 2.9 19 


that this could have occurred without the fungus. Since Slankis (1958) 
suggested that auxin produced by the fungi was the effective principle, the 
next step was to treat aseptically-grown sugar pine seedlings with the natural 
auxins to see if dichotomous roots would develop or there would be an 
increase in the number of lateral roots. Over a wide range of IAA concentra- 
tions there was no significant difference between treatments in number 


Table 2. Root growth of sterile sugar pine seedlings grown in IAA solutions for four 
weeks with one change of solutions at the end of two weeks. 


| Increase in number of lateral roots per seedling a 
a | (Values represent individual seedlings) Average 
Control 2 12 9 3 0 6.5 
10711 1 15 14 7 9.2 
10-10 16 16 11 10 8 11.0 
10-9 13 6 16 3 9.5 
108 6 5 19 5 7 8.4 
10-7 4 7 2 4.3 
10-6 16 13 11 a 8 13.0 
10 5 11 5 7.0 
10+ 6 10 5 3 6.0 
Increase in length of tap root (cm.) per seedling 
| (Values represent individual seedlings) 

Control | 0 6.6 3.0 2.7 2.4 3.7 
10711 0.3 7.8 8.6 2.1 4.7 
10-10 2.5 1.5 5.9 4.0 3.6 3.5 
10-9 7.4 0 11.3 0 4.7 
210 0 1.5 10.0 0 8.0 3.9 
107 | 1.0 2.5 0 3.5 
10-6 9.1 1.3 3.0 2.1 0.4 3.4 
107° | 0 0 0.2 0.11 
10 0 0 0 0.1 


1 Significant at the 1 % level. 
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Figure 7. Eight-month-old sugar pine seed- 
ling grown aseptically in the dark without 
mycorrhizal fungi or auxin showing many 
profusely branched dichotomous roots. Root 
hairs are abundant on roots. Also to be 
noted is the callus tissue starting to form 


on one leaf (c). The scale is in cm. ALL DI EU IL OT nun | il N! 


of lateral roots formed. Table 2 shows the variability of the population. 
No dichotomous roots appeared on any of the seedlings and the only signi- 
ficant treatments were 10”? M and 10° M IAA which inhibited tap root 
elongation. 

In the meantime, greenhouse experiments had shown that 10° M and 
10-6 M IAN caused some of the short roots of rapidly growing sugar pine 
seedlings to branch dichotomously. Therefore, twelve sterile seedlings were 
treated with 10-6 M IAN added to the complete nutrient solution. After 
two weeks, seven of the twelve seedlings had developed dichotomous roots. 
However, one of the two-month-old seedlings maintained in the dark in 
the control solution developed two dichotomous roots. After six months of 
growth in the control solution in petri dishes, all of the seedlings had 
dichotomous roots (Figure 7). 

In order to find out why IAA had no effect on the branching of short 
roots, the nutrient solutions were tested for auxins. IAA solutions which 
had been in contact with the pine seedlings for two weeks were extracted 
with ether, and the extract was chromatographed. The Salkowski spray 
reagent showed that IAA could be extracted only from the 1074 M IAA 
media. The extract of the used 10~4 M IAA sterile solution also showed a spot 
on the chromatogram which gave the same color reaction with Salkowski 
reagent and was at the same R; as indolealdehyde (IAI). This suggested that 
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Figure 8. Ascending chromatograms of ether extracts of the solutions in which sugar pine 
roots were incubated in the dark at 23°C with 20 mg/l. IAA, 40 mg/l. IAN, and control. The 
solvent was isopropyl alcohol, NH4OH, water: 8:1:1. The chromatograms were sprayed 
with Salkowski spray reagent. P=pink, B=blue, G=gray. Spot Y was pinkish-gray before 
spraying — orchid or bluish afterward. Spots X and Z were pale yellow before spraying, 
gray or yellowish-gray afterward. NH3 vapor caused these colors to change to the original 
colors temporarily, and then they returned to colors on sprayed chromatogram when the 
NH3 was gone. They could be anthocyanin and flavenoid pigments dissolved from the roots 
by the aqueous solution. Hr.=hours of incubation. ml.=aliquot of solution being incubated. 


IAA was partially decomposed to IAI by the seedlings. Extracts of the 105 M 
and 10% M IAA in which sterile seedlings had grown gave negative results 
for IAA and IAI after two weeks. Therefore, it appears that sugar pine 
seedlings possess enzymes capable of destroying exogenous IAA unless the 
concentration is too high (10~* M). IAA did not spontaneously disappear 
from sterile nutrient solutions which did not contain a seedling. 

The extract of the sterile IAN solutions in which seedlings had grown for 
two weeks showed both an IAN and an IAA spot on the chromatogram. 
Since the entire sterile seedling was in contact with the IAN solution, it. was 


not possible to tell which part of the plant was responsible for the con- 
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version of IAN to IAA or, in fact, which growth substance was effective, 
except that IAA alone failed to cause dichotomous branching of the roots 
of sterile seedlings. 

To find out which plant part could convert IAN to IAA, four six-month-old 
nonsterile sugar pine seedlings were divided into root, stem, and leaves. 
One cm sections of stems and leaves were cut into a reaction mixture of 
40 mg/l. IAN buffered at pH 6.6. Changes in the mixture were followed 
by extraction and chromatography of aliquots. After 24 hours of incubation 
with IAN, extracts of both the leaf and stem solutions gave IAN and IAA 
on a chromatogram. After 48 hours of incubation IAA and IAN could both 
be extracted from the leaf solution, but only IAN was present in the solu- 
tion containing stem material. Pine roots from seven-month-old seedlings 
grown in the greenhouse were incubated with IAN (40 mg/l.), IAA (20 mg/l) 
and a control. These roots were from long lateral roots and tap roots, and 
were not cut into pieces. They were coiled to fit the dish, with 3.5 g. fresh 
weight of roots in 30 ml. of IAN or 40 ml. of IAA or control, buffered at 
pH 6.6. The results of chromatography as seen in Figure 8 show that IAA 
was formed from IAN in 24 hours. Figure 8 also shows that IAA disappeared 
from both IAN and IAA solutions after 48 hours in contact with the roots, 
and that some unidentified pigments, with a high R;, started appearing on 
the chromatograms after four hours. © 

The results show that the roots, stems, and leaves of sugar pine seedlings 
are capable of converting IAN to IAA, and that the stems and roots can 
destroy IAA under the conditions used. Although IAN was gone after 96 
hours, its disappearance can not definitely be attributed to the plant tissues, 
since there was evidence of microorganisms in the solution at this time, 
and IAN was still present in sterile culture with pine seedlings after two 
weeks of contact with an intact plant. 


Discussion 


Pine seedlings grown in liquid nutrient medium developed mycorrhizal 
roots in the presence of Boletus badius or B. variegatus. With one exception, 
however, there was no dichotomous branching of the short roots of these 
seedlings, and no effect on the gross morphology of the roots could be 
observed. The fungus surrounded and penetrated root tissue to produce a 
typical mantle and Hartig net. There was no apparent inhibition of root 
growth by the mycorrhizal fungi in the flask-grown seedlings. However 
roots of seedlings growing in petri dishes were unhealthy when B. badius 
or B. variegatus was present. As the mycelium spread over the medium in 

Physiol. Plant., 13, 1960 


502 JANE MURDOCK ULRICH 


the petri dishes and grew on the seedlings, the roots became brown and 
stopped growing. 

The fact that excised Scots pine roots branched dichotomously in the 
presence of mycorrhizal fungi as well as with auxins suggested that an 
auxin secreted by the fungus might be the causative factor of dichotomy, 
and led Slankis (1958) to propose the theory that the “characteristic morpho- 
logy of mycorrhizal roots results from the inhibition of elongation induced 
by the high concentration of auxin exuded by the lower symbiont.” 

While it is possible that a high effective concentration of IAA is present 
at the cellular level in mycorrhizal pine roots, work reported elsewhere 
(Ulrich 1960) shows that mycorrhizal fungi produce IAA slowly and not 
in very large amounts on Hagem liquid malt medium unless tryptophan 
is supplied in high concentrations (0.1 °/o). In the experiments reported 
here, sugar pine roots did not branch dichotomously over a wide range of 
IAA concentrations, and inhibition of root elongation occurred only at 10? 
M and 10-5 M IAA. Moreover, it was found that IAA disappeared in 48 hours 
when young sugar pine roots were incubated in a solution containing initi- 
ally 20 mg/l. IAA (ca. 10-4 M). Therefore, it is likely that the inhibition of 
sugar pine root growth in petri dishes in the presence of B. badius or B. 
variegatus was not due to the presence of IAA secreted by the fungus. Other 
fungi have been reported to contain substances inhibitory to the growth 
of higher plants. Extracts from fungi isolated from Sophora or Pennisetum 
were inhibitory to the growth of small plants of Cyperus compressus (Asai 
1943). Also, a water extract of Poria obliqua contained a substance which 
inhibited the elongation of Setaria italica seedlings (Janicki and Kolaczyk 
1957). 

The cause of dichotomy is not yet clearly understood. The auxins, NAA 
and IAA, and solutions in which mycorrhizal fungi had grown, caused 
dichotomy of excised Pinus sylvestris roots (Slankis 1948, 1949, 1950). 
Citrulline and y-amino butyric acid (both 10-3 M) as well as IAA, NAA, 
kinetin, vitamins, antivitamins, and amino acids, caused dichotomy of 
excised Pinus serotina roots (Barnes and Naylor 1959 a, 1959 b). Excised 
roots were used by Barnes and Naylor as well as by Slankis, but it was not 
possible to get continued growth of excised sugar pine roots, so these re- 
sults with seedlings should be considered separately since the influence of 
the shoot is not known. Although the auxin, IAN, caused short roots of 
Pinus lambertiana seedlings to branch dichotomously in two weeks, it was 
also found in the work reported here that the short roots of aseptically- 
grown seedlings branched dichotomously in two to six months without the 
addition of an auxin when they were maintained in the dark on a medium 
containing glucose, minerals, and vitamins. 
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Summary 


1. À mycorrhizal association was established between sugar pine roots 
and Boletus badius or B. variegatus. The mycorrhizae formed on the seed- 
lings did not affect the morphogenesis of sugar pine roots. 


2. Roots of sugar pine seedlings grown in sterile culture were not influ- 
enced by IAA at concentrations of 10-56 M to 10-11 M when added to the 
medium surrounding the roots. Root elongation was inhibited by 10-4 M 
and 10° M IAA. There were no dichotomously branched short roots, and 
no increase in the number of lateral roots occurred as a result of IAA treat- 
ment. A comparison with seedlings grown in the same manner, but in the 
presence of B. badius or B. variegatus instead of the IAA, showed that the 
presence of the fungi was detrimental to the health of the pine roots. 


3. IAA was destroyed in the presence of young pine seedlings. In sterile 
culture, no IAA could be extracted from any media at the end of two 
weeks, except that initially containing 10~* M IAA. 


4. IAN was partially converted to IAA by roots, stems, and leaves. Dicho- 
tomously branched short roots appeared in two weeks when treated with 
10-6 M IAN, but only after two to six months without IAN. 


The work reported here was part of the research described in a dissertation 
submitted to the Graduate Division of the University of California in partial satis- 
faction of the requirements for the Doctor of Philosophy degree. 

A grant-in-aid from the Foundation for American Resource Management is grate- 
fully acknowledged. 
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Introduction 


The growth of wheat roots may be considerably stimulated by antiauxins 
(Burstrôm 1950, Aberg 1954, 1956). This growth stimulation has been attri- 
buted to an antagonistic effect on the endogenous auxin, which is supposed 
to occur in concentrations supraoptimal for growth. If root elongation is 
limited by auxin in the supposed manner, also treatments which lower the 
endogenous auxin level should result in growth stimulation. 


The growth response of roots to auxins added to the surrounding solution 
is very rapid (Lundegardh 1949, Ekdahl 1957). Recent experiments with 
isotopically labelled 2,4-dichlorophenoxyacetic acid (2,4-D) further show 
that the uptake of this substance by various plant materials may be divided 
into a rapid reversible diffusion of the compound into the tissue and a slow, 
metabolically dependent, continuing absorption (Johnson and Bonner 1956, 
Wedding and Erickson 1957, cf. also Blackman et al. 1959). If the latter 
results are applicable to roots, the conclusion would be that it is the diffusible 
auxin which is active in regulating growth. This implies that the “free” 
native auxin with free access to the “active sites” of growth regulation (cf. 
Aberg 1957 a) may easily move out of the roots. Aberg (1957 a) also assumed 
that the “free” auxin in the growing root cells easily equilibrates with auxin 
applied in the external solution. Further, it is well known that roots may lose 
both inorganic (Emmert 1959) and organic (Frenzel 1957) substances to 
the ambient medium. A consequence of these facts would be that it is pos- 
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sible to lower the endogenous auxin level by preventing reabsorption of 
exuded substances. 

In an earlier paper it was reported that treatments supposed to decrease 
reabsorption of exuded substances caused growth stimulation in wheat roots 
(Eliasson 1959). Thus a considerable growth increase was obtained by con- 
tinuous washing of the roots or by adding carbon powder to the nutrient 
solution combined with stirring of the solution. Also an increase of the pH 
value of the nutrient solution augmented the growth rate of wheat roots. 
Undissociated molecules of auxins are taken up more rapidly by plant tissues 
than the anions (Wedding and Erickson 1957). This means that the pH value 
of the external solution influences the rate of reabsorption of exuded auxins. 
Consequently the finding that wheat roots grow at a higher rate at pH 6 to 8 
than at pH 4 to 5 (Burström 1951, 1952, Eliasson 1959) may be due to a 
lowered level of the endogenous auxin active in growth. (cf. Audus 1948). 
If antiauxins are added to the flowing solution when the roots are grown in 
narrow glass tubes according to the CF method (Eliasson 1959), no or only 
small stimulation is obtained during the first day after the beginning of the 
treatment. This is what should be expected, if the washing of tne root surface 
by the flowing solution lowers the endogenous auxin level of the roots. The 
time course of root growth is, however, modified by the antiauxin treatment. 
This response will be further treated in this paper. 

It is known that 2,3,5-triiodobenzoic acid (TIBA) interferes with root 
growth in a rather complicated manner. Äberg (1953, 1957 b) suggested that 
the inhibitory effect of low concentrations of TIBA on root growth was due 
to a synergistic effect of TIBA on the native auxin. Such a synergistic effect 
would become weaker or disappear if the endogenous auxin level is lowered 
(Äberg 1957 b). In CF experiments reported in this paper no inhibition of 
wheat root elongation was obtained by the TIBA concentrations supposed to 
have synergistic effect. 


Methods and Results 


The elongation of the primary root of wheat seedlings (Weibull’s Eroica) was 
followed in narrow glass tubes with continuously flowing solution according to 
the earlier described CF method (Eliasson 1958, 1959). The earlier used nutrient 
solution was, however, modified by substituting CaCl, for Ca(NO3)9. Only in one 
of the experiments reported in Table 2 was nitrate added to the nutrient solution. 
As a comparison of the control values of Table 2 will show, nitrate has a depressing 
effect on root elongation which increases with time (cf. Bosemark 1954). 

The antiauxins used were a-(1-naphthylmethylsulphide)-propionic acid (1-NMSP), 
a-(4-chlorophenoxy)-isobutyric acid (4-CIPOiB) and a-phenoxyisobutyric acid 
(POiB). These substances were kindly supplied by Professor B. Aberg. TIBA was 
commercially obtained (Eastman, white label). 
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Before treatments were begun, the elongation of the roots was determined during 
five hours. The growth values from this period are not recorded in the tables. They 
were used to ascertain that the individual roots had not been injured during 
handling. Usually the growth of the roots was very uniform. It was found, how- 
ever, that the roots are very sensitive to dry air during the transfer from the Petri 
dishes to the CF tubes. Only if precautions were taken to maintain the roots in a 
well moistened condition during this operation, could a reproducible growth be 
subsequently obtained in the tubes. Treatments with the test solution were started 
about seven hours after placing the seedlings with the roots in the CF tubes. The 
increase in length of the roots was then measured after 17 hours. The values of 
Table 1 and Figure 1 were obtained during this period. In Table 2 the growth values 
for the roots during this period (I) have been recalculated to give the growth rate 
per 24 hours in order to facilitate comparison with the growth values obtained 
during the following days. 


The effect of antiauxins on the growth of the roots during the first period 
after the beginning of the treatment is shown by the values collected in 
Table 1. The concentrations used in the recorded experiments have been 
found to be strongly stimulatory on the growth of wheat roots during a 
corresponding period when the roots were submerged in the test solution 
(Aberg 1956, 1957 b). In Äberg’s experiments 10-4 M POiB caused about 
100 per cent growth increase, while a stimulation exceeding 20 per cent was 
obtained only in a few of the CF experiments (see also experiment 3 in 
Table 2). With 4-CIPOiB and 1-NMSP Aberg obtained about 50 per cent 
growth stimulation. In the CF experiments practically no stimulation was 
obtained with these substances (cf. also Eliasson 1959). 


Table 2 gives the results of some experiments showing the time course of 
root elongation during five to seven days. The growth rate of the control 
decreases strongly during this period. This decrease is enhanced by nitrate 
(cf. Bosemark 1954). Antiauxins counteract the decrease or, in sufficiently 


Table 1. Effect of antiauxin on the growth of wheat roots in CF tubes. Elongation during 
17 hours in per cent of control values. Average values obtained for at least 12 roots in 
independent experiments. Concentrations in mole per litre. 
a 


| 4-CIPOiB 1-NMSP POiB 
105 | 3x10# | 105 | 3x103| 10+ | 3x10+ 
PRO en Be AO oe eS 
112 100 102 117 111 108 
108 98 97 113 120 85 
99 105 112 i fe 7110 
94 102 14 | 
| 101 17 vel 
112 
101 
127 | 
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Table 2. Time effects of antiauxin treatments on growth of roots in CF tubes. The com- 

pounds were applied in the nutrient solution washing the roots. Growth values obtained 

during antiauxin treatment are printed in italics. I—VII denote the days from beginning 
of the experiment. Average values for the number of roots recorded. 


Conc. No. of | Root elongation in mm, per 24 hours 
I 


(M) Sa laura SIN IAA 


Experiment 1 4-CIPOiB, no nitrate. 


OR RE eee 36 42.8 | 42.8 | 35.2 | 29.9 | 21.9 
1004 tee de pe 12 47.1 | 48.2 | 42.7 | 38.4 | 31.5 
et 24 43.6 | 46.2 | 45.8 | 52.0 50.7 


Experiment 2 POiB, no nitrate. 


U ee nmun een stoasieaeet 12 40.6 | 48.6 | 40.2 | 32.7 | 24.9 | 16.9 | 15.1 
le État. 11 45,700 50.7. | .53.9.| -57.6,| 54.1 1537.22) 032.6 
10-04 daysyema ee 10 40.2 | 49.3 | 49.8 | 54.8 | 42.1 | 30.6 | 30.6 
10 Seas 12 39.0 | 47.0 | 39.7 | 51.6 | 48.2 | 24.7 | 20.8 

Experiment 3 POiB, no nitrate. 

Of: pans ee 35 42.9 | 41.7 | 36.1 | 29.9 | 23.0 
Se Ono er arte ns 12 50.8 | 52.2 | 45.9 | 40.8 | 37.7 
VORNE 36 51.4 | 48.9 | 48.0 | 54.1 | 53.1 
10-4 2 days) essen 11 52.5 | 49.8 | 46.3 | 54.2 | 40.9 
10 day. 12 54.8 042.0. | 4501 #30:321,25:0 
102 (days 12 45.4 | 42.8 | 40.6 | 40.1 | 41.2 
10221 day) uns. 12 45.4 | 42.1 | 37.2 | 30.4 | 26.2 


Experiment 4 POiB, 3X 103 M NO,-. 


OM es rasoresreeenecesss 24 42.5 | 40.9 | 30.2 | 23.3 | 16.8 
EL opte 24 55.2 | 46.8 | 44.4 | 39.8 | 27.7 


high concentrations, abolish it completely during a five-day period. For this 
reason antiauxins, while having a negligible influence on the growth rate at 
the beginning of the experimental period, after a few days will give great 
stimulations over the control values. In the controls the lateral roots begin 
to emerge during the third or fourth day. It may be assumed that the decrease 
in the growth rate of the main axis of these roots is connected with the begin- 
ning growth of the laterals. Antiauxins strongly inhibit the formation of 
lateral roots. This fact suggests that the growth-stimulating effect of anti- 
auxins during the later part of the growth period mainly is a consequence 
of the inhibition of the development of laterals. The experiments in which 
the roots were treated with antiauxins only for a part of the experimental 
period (Table 2, experiments 2 and 3) clearly show that the antiauxin effect 
is indirect. It is rather an after-effect of the treatment than an immediate 
effect on the growing cells in the elongating parts of the roots. 

The effect of TIBA on the growth of the roots in CF tubes is shown by the 
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concentration-response curve in Figure 1. This curve diverges in an interest- 
ing manner from the corresponding curve obtained by Äberg (1957b)) for 
wheat roots growing submerged in the test solution. Thus Äberg obtained 
20 to 30 per cent inhibition of growth in 10-7 M and 10-56 M TIBA. This 
inhibition was explained by Äberg as due to synergistic effects of TIBA on 
a supraoptimal concentration of endogenous auxin. Consequently, the lack 
of greater responses of the roots in the CF experiments to these concentrations 
is consistent with the view that the endogenous auxin level is lowered by the 
washing treatment. With 105 M TIBA a somewhat stronger inhibition was 
obtained in CF tubes than by Aberg, who got about 15 per cent inhibition. 
Aberg found TIBA to have antiauxinic properties in this concentration and 
attributed the relatively weak inhibitory effect of this concentration to an 
antagonistic effect of TIBA on the native auxin. Thus, also in this case the 
antiauxinic properties are not so strongly revealed in the CF experiments as 
for roots growing submerged. It may be supposed that the decline of the 
growth curve in the CF experiments is mainly determined by the toxic effects 
of TIBA, which have been discussed by Aberg (1957 b). The effect of TIBA 
on the time course of growth has not as yet been thoroughly investigated. 
Preliminary experiments, however, indicate that there is a growth recovery 
on treatment with 10-5 M TIBA, the control value being reached after two 
or three days. This time course of growth may also be ascribed to the anti- 
auxinic properties of TIBA in this concentration. 

In Figure 1 also the activity curve for 2,4-D is shown. There are no easily 
observable divergencies between the growth response of wheat roots to 2,4-D 
in stationary solution (Aberg 1954, 1957) and in flowing solution. This means 


Figure 1. Effects of 2,4-D and TIBA on the 
growth of wheat roots in CF tubes. Growth 
during 17 hours in per.cent of control values, 
plotted against a logarithmic concentration 
scale. N is the number of independent experi- 
ments each comprising 10—12 roots represen- 
ted by the points. 


10-8 007 10-6 10-5  10-4M 
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that such a comparison does not reveal any interaction between 2,4-D and 
the inhibitory factor eliminated by the washing. Roots growing in CF tubes, 
however, behave in a peculiar way regarding the growth of root hairs which 
is strongly inhibited in all treatments. Although developed root hairs have 
been observed on strongly auxin-inhibited roots, there was no hair growth 
at 2,4-D concentrations giving about 50 per cent inhibition of root elonga- 
tion, Wheat roots growing submerged in nutrient solution are, on the cont- 
rary, covered with root hairs and the root hair growth is augmented by 
auxin (Ekdahl 1957). 


Discussion 


The mode of action of antiauxin and TIBA in relation to root growth has 
recently been extensively discussed by Äberg (1956, 1957 a, b). Provided that 
the assumption made in the introduction that the washing treatment in CF 
tubes lowers the level of “free” auxin in the roots is true, the results obtained 
in the CF experiments are consistent with the hypotheses regarding the inter- 
action of these substances with the native auxin maintained by Äberg. Other 
authors have questioned the röle played by native auxin in growth regulation 
of roots (see the review by Audus 1959). It may be claimed that washing of 
roots might cause a growth stimulation also if the growth-limiting factor is 
a non-auxinic inhibitor, present in the roots, because such an inhibitor may 
also be removed by the washing treatment. Such an interpretation would, 
however, leave unexplained the peculiar growth response to substances 
known to interact with auxin obtained with the CF method. 

The low growth rate of wheat roots grown submerged in nutrient solution 
cannot be completely. attributed to the fact that the rate of removal of exuded 
substances from the elongating root parts is too slow. It is known that wheat 
roots will grow well in moist air and, in fact, their rate of growth was found 
to be greater on moist filter paper than in well-aerated stationary solution 
(Eliasson 1959). It may be supposed that there is a mechanism for main- 
taining the auxin level in the elongating cells at an optimal level. Submerg- 
ing of wheat roots interferes evidently with this mechanism and results in a 
supraoptimal auxin level in these cells. The most likely explanation to this 
fact is that the solution layer around the submerged roots interferes with the 
normal transport of auxin in the roots. Thus, if there is a considerably higher 
auxin concentration in the meristematic root tips than in the extending root 
zone, there may occur a diffusion of auxin from the tip to the extension zone 
via the solution. Another possibility is that the “free” auxin in the extending 
cells of wheat roots is maintained at a lower level than in the mature tissue 
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of the roots by a polar basipetal transport of auxin to the mature parts of 
the roots. Such an active transport would be counteracted by diffusion of 
auxin in the opposite direction and this diffusion might be facilitated by a 
solution film surrounding the root. Assumption of a polar transport away 
from the extension zone also makes it possible to interpret the synergistic 
effect of TIBA on root growth as a consequence of the known power of 
this substance to inhibit polar auxin transport. 

The reported experiments regarding the time course of root growth illust- 
rate that regulation of root growth is a complex process. The simplest ex- 
planation of the time effects obtained is that the main factor limiting the 
growth of the main root axis during the conditions used is availability of 
organic nutrients which are translocated from the endosperm. The decrease 
of the growth rate of the control roots would then be a consequence of the 
competition for nutrients exerted by the laterals. The fact that antiauxins 
prevent this decrease could then be explained by the observation that anti- 
auxins inhibit the development of laterals. However, the possibility that the 
tested antiauxins exert effects on the main axis growth of the kind suggested 
by Street (1954) for the influence of 1-NMSP on the growth of excised tomato 
roots cannot be excluded on the ground of the present experiments. 


Summary 


Wheat roots were grown in narrow glass tubes with a continuous flow of 
fresh nutrient solution and air. It is thought that this treatment maintains 
the concentration of the endogenous auxin at a level nearly optimal for 
growth. This suggestion is supported by experiments showing that anti- 
auxin treatment with this method causes no or only small growth increases 
referable to a direct interaction with the endogenous auxin in the elongating 
cells. Further, when TIBA is applied to the flowing solution, low concentra- 
tions of this substance do not cause growth inhibition in the manner reported 
by Äberg (1957 b) for roots growing submerged in the test solution. 

It was found that antiauxins have a time-dependent stimulatory effect on 
root elongation which cannot be ascribed to a direct competition with the 
auxin in the elongating tip of the root. This indirect effect is clearly apparent 
only after two or more days of antiauxin treatment, and it is probably con- 
nected with the fact that antiauxins decrease the development of lateral 


roots. 


The author is indebted to Professor B. Âberg for valuable discussions and io 
Miss D. Rudstrôm for assistance in the experimental work. The investigation has 
been supported by a grant from the Swedish Science Research Council. 
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I. Introduction 


In a series of investigations on young forest tree seedlings in nutrient 
solutions with varied supplements of seven elements, one on birch (17) and 
one on spruce (18) have been published earlier. In this paper similar experi- 
ments with pine (Pinus silvestris L.) are described. Pine is the most inten- 
sely investigated among forest trees with respect to its nutrient requirements 
(cf. 22, 53). The investigations, however, deal with different pine species, 
and it is probable that these have somewhat varying nutrient requirements. 
For this reason the possibilities of getting comparable characteristic data 
about relations between supply, content and growth at different nutrient 
conditions of Pinus silvestris are restricted. 

The most detailed investigation on nutrient relations of a pine species 
seems to be Mitchell’s (25) experiments with Pinus strobus in sand cultures 
with varied supplies of nitrogen, phosphorus, potassium, and calcium. A 
smaller experimental material with varied nitrogen supplies is also given 
for P. silvestris (24). Mitchell came to the conclusion that the difference 
between the two species with respect to the nitrogen requirement is small 
and calculated by means of the Mitscherlich formula the optimum content 
in the shoots to 3.2 per cent nitrogen for both (24). However, a study of 
the data gives the impression that P. silvestris has a tendency to a lower 
nitrogen content than P. strobus. 

When it comes to deficiency symptoms the differences between the pine 
species seem to be of less importance. In a great number of papers pine 
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Table 1. Composition of basic solutions subsequently diluted 1: 100 to give the control 


concentrations. 
EE SS eee 
Compounds g/litre mmol/litre Used in series 
NENO SE er 14.3 | 178.5 All 
NaH GROTH OR 10.1 | 64.6 N-, P-, and K-series 
KHPOM ECS 8.8 | 64.6 Control, Ca-, Mg-, S-, and Fe-series 
ROLE Re ete nce 4.6 62.4 ss = Ae OE ” 
1 6) ee 9.5 128.0 N-, P-, and K-series 
CaClL 6102777 21.9 100.0 All 
MgSO,7H, OT. nee 15.4 63.0 All except Mg- and S-series 
MeCl 64H07 7 14.5 63.0 Mg- and S-series 
Na,SOS10H.O Seo 20.8 | 63.0 Br 
FeCl 04,07 0.50 | Pez All 
MnCl,,4H,0 ............ 0.06 0.3 hea: 
HBO ec 0 10 1.5 " 
ZEN 0.004 | 0.03 & 
Gui OM 0.005 | 0.03 55 
Na,M00,,2H,0 ......... 0.0007 | 0.003 3 


deficiency symptoms have been described, sometimes with colour pictures. 
As for spruce (18) the symptoms are quite unspecific, for which reason the 
external observations ought to be supplemented with other facts for a cer- 
tain diagnosis. The needle analysis seems to be a valuable implement that 
has been used for pine for this purpose by many workers. 

Attempts have also been made to determine the content of various ele- 
ments in pine tissues at other characteristic physiological conditions, e.g., 
at maximum growth. The growth reactions to different nutrient supplies 
have, however, in most cases been studied without chemical analysis of the 
plant material. Controlled culture methods (water or sand cultures) have 
been used in some of these cases, thus yielding a certain accuracy in the 
results, but it seems difficult or impossible to establish the actual nutrient 
status of the seedlings without a control of the internal concentration of the 
nutrients. 

The results from various investigations are very divergent also when the 
same pine species is studied. The causes for this have been discussed in a 


Table 2. Proportions between the elements in the control nutrient solution expressed 


as ppm. 

Element ppm | Element ppm 
N 50 Fe 0.93 
je 20 Mn 0.17 
K 50 B 0.17 
Ca 40 Zn 0.02 
Mg 15 Cu 0.02 
S 20 Mo 0.003 
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Eiement Supply, | Dry weight of 
ppm |needles, g/beaker N 
0.05 0.16 0.7 
0.5 0.24 0.7 
N 5.0 0.62 1.6 
50 1.30 2.8 
150 1.32 3.0 
450 0.68 3.1 
0.02 0.30 2.5 
| 0.2 0.72 2.6 
ES 2.0 1.37 2.6 
| 20 1.30 2.8 
60 1.03 2.8 
180 1.18 2.7 
0.05 0.26 3.9 
0.5 0.53 3.5 
K 5.0 1.17 2.9 
50 1.30 2.8 
150 1.17 2.8 
450 1.01 2.8 
0.004 0.94 2.8 
0.12 1.35 2.8 
Ca 4.0 1.24 2.7 
40 1.30 2.8 
120 0.99 Pf) 
(360 0.39 2.7 
0.015 0.49 289 
0.15 0.90 2.6 
Mg 1.5 0.90 2.7 
15 1.30 2.8 
150 1.22 27 
0 0.34 3.0 
s 2.0 1.00 2.8 
6.0 1.09 3.0 
20 1.30 2.8 
0 0.61 2.8 
Fe 0.02 1.10 = 
0.2 1.27 2.8 
1.0 1.30 2.8 
+ e % 15.5 5.9 


K Ca Mg S Fe 
0.97 | 0.39 | 0.18 0.020 
0.87 | 0.36 | 0.17 0.010 
0.93 | 0.31 | 0.16 0.011 
0.93 | 0.27 | 0.13 0.014 
1.06 | 0.29 | 0.15 0.013 
1.01 | 0.27 | 0.17 0.012 
1.06 | 0.27 | 0.15 0.010 
1.11 | 0.32 | 0.14 0.012 
1.05 | 0.31 | 0.14 0.012 
0.93 | 0.27 | 0.13 0.014 
1.02 | 0.27 | 0.14 0.011 
1.08 | 0.28 | 0.13 0.013 
0.18 | 0.23 | 0.25 0.014 
0.30 | 0.24 | 0.22 0.011 
0.99 | 0.26 | 0.13 0.014 
0.93 | 0.27 | 0.13 0.014 
1.25 | 0.26 | 0.13 0.020 
1.93 | 0.27 | 0.14 0.011 
1.16 | 0.04 | 0.17 0.014 
1.17 | 0.05 | 0.17 0.014 
1.15 | 0.22 | 0.14 0.017 
0.93 | 0.27 | 0.13 0.014 
1.24 | 0.41 | 0.12 0.012 
1.06 | 0.82 | 0.13 0.014) 
1.34 | 0.57 | 0.04 0.012 
1.14 | 0.48 | 0.06 0.010 
1.12 | 0.35 | 0.11 0.010 | 
0.93 | 0.27 | 0.13 0.014 | 
0.97 | 0.23 | 0.18 0.010 
0.80 | 0.28 | 0.20 | 0.04 0.008 
1.06 | 0.29 | 0.18 | 0.21 0.013 
1.03 | 0.29 | 0.17 | 0.16 0.013 
0.93 | 0.27 | 0.13 | 0.20 0.014 
1.26 | 0.43 | 0.28 0.004 | 
1.18 | 0.30 | 0.19 0.004 | 
1.06 | 0.27 | 0.19 0.011 
0.93 | 0.27 | 0.13 0.014 
8.0 |11.6 ]12.9 |11.2 25.5 


previous paper (18) and the differences seem to depend mostly on varying 
experimental conditions. Sometimes the results are so contradictory that the 
correctness of the data must be questioned. Therefore, it was considered 
important to study pine too with respect to the relations between mineral 
nutrition and growth in well controlled experiments, especially as such 
investigations with P. silvestris are lacking as far as the author knows. 
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Table 3B. Element content of roots. Control figures in italic type. 


ee Supply, Dry weight of Element content, % of dry weight 
ppm roots, g/beaker N | pP | K Ca Mg | S | Fe 
0.05 0.22 0.92| 0.68 13 0.22 | 0.14 0.62 
0.5 0.33 1.1 0.70 1.4 0.17 0.12 0.45 
N 5.0 0.71 1.6 0.68 127 0.12 0.12 0.23 
50 0.56 250 072 21 0.10 | 0.10 0.32 
150 0.62 2.8 0.71 1.8 0.10 0.09 0.21 
450 0.21 3.6 0.65 1.3 0.08 0.10 0.41 
0.02 0.29 1721040 1e1 0.08 | 0.08 0.26 
0.2 0.54 2.0 0.14 12 0.11 0.08 0.12 
p 2.0 0.58 2.9 0.46 1.8 0.08 0.09 0.08 
20 0.56 2 0.72 oA 0.10 0.10 0.32 
60 0.48 3.0 | 0.78 2.0 0.05 | 0.12 0.08 
180 0.53 2.5 0.90 1.6 0.10 0.11 0.05 
0.05 0.08 0.71 0.11 0.70 
0.5 0.18 4.1 0.67 0.66 | 0.07 | 0.07 0.48 
K 5.0 0.48 3.4 0.73 1.7 0.08 0.10 0.35 
50 0.56 2 0.72 2.1 0.10 0.10 0.32 
150 0.47 257 0.74 2:3 0.10 | 0.10 0.43 
450 0.44 3.0 0.69 21 0.09 0.10 0.44 
0.004 0.37 2.4 1.8 0.04 | 0.18 0.40 
0.12 0.54 2.8 2.0 0.05 | 0.17 0.32 
Ca 4.0 0.52 3.0 0.78 1.9 0.08 0.16 0.34 
40 0.56 2.5 0.72 2.1 0.10 0.10 0.32 
120 0.38 3.0 0.86 1.9 0.20 0.13 0.47 
(360 0.14 1.5 0.75 2.3 0.27 0.11 0.58 
0.015 0.30 3.3 | 0.78 1.8 0.20 | 0.03 0.72 
0.15 0.42 Peay Ap OS 22 0.14 | 0.04 0.47 
Mg 1.5 0.37 0.86 1.9 0.12 | 0.07 0.66 
15 0.56 2.5 0.72 2.1 0.10 0.10 0.32 
150 0.45 3.0 | 0.84 2.6 0.11 | 0.12 1.03 
0 0.26 2.8 | 0.72 0.60 | 0.10 | 0.11 | 0.05 
S 2.0 0.38 2.7 0.76 2.0 0.10 0.11 0.24 
6.0 0.46 2.8 0.74 1.8 0.09 0.10 0.24 
20 0.56 2:52 0.0.22 24 0.10 | 0.10 | 0.28 0.32 
0 0.27 3.5 0.75 127 0.14 0.07 
"2 0.02 0.50 3.0 | 0.74 | 2.0 | 0.11 | 0.10 0.011 
0.2 0.53 2.7 0.79 2.1 0.12 0.10 6.07 
1.0 0.56 25 | 0.72 | 21 | 0.10 | 0.10 0.32 
+e% 17.0 15.3 | 9.2 | 12.0 m. ae | 7.9 | 29.3 


II. Technique 


The culture methods, growth conditions, sample treatment, and analytical me- 
thods have been described before (17, 18). Some changes have, however been 
made. Thus the growth period for pine has been 95 days compared to 75 for birch 
and 160 for spruce. The temperature: has been 20°C during the light period, i.e 
the same as for spruce and for the same reason (18). The number of seedlings 
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Table 4. Growth values, root/shoot and root weight/root length ratios in relation to supply 
and content in the needles of the element in question. Control figures in italic type. The 
dry weights of needles and roots are given in Tables 3A and 3B. 


Ele- | Supply Element content/Total fresh| Total dry |Stem length| Root/shoot| mg dry 
ment | ppm 3 of needles, weight, weight, mm per dry weight/ 
% of dry weight| g/beaker g/beaker | seedling weight |cm roots 

0.05 0.7 1.8 0.43 25 1.05 1.7 

0.5 0.7 2.9 0.65 31 1.03 2.5 

N 5.0 1.6 7.4 1.52 53 0.88 5.1 

50 2.8 11.4 2.21 52 0.34 4.9 

150 3.0 11.6 2.35 59 0.36 4.7 

450 3.1 5.9 1.40 32 0.22 2.8 

0.02 0.06 2.8 0.66 28 0.78 2.2 

0.2 0.09 7.0 1.44 38 0.60 4.5 

P 2.0 0.17 10.8 2.31 53 0.34 4.9 

20 0.23 11.4 2.21 52 0.34 4.9 

60 0.29 9.3 1.81 56 0.36 4.4 

180 0.35 10.7 2.04 57 0.35 4.1 

0.05 0.18 1.2 0.40 30 0.26 1.4 

0.5 0.30 2.9 0.84 33 0.27 3.0 

K 5.0 0.99 9.6 1.99 55 0.32 4.7 

50 0.93 11.4 2.21 52 0.34 4.9 

150 1.25 10.1 1.94 55 0.32 4.0 

450 1.93 8.8 1.70 55 0.35 3.9 

0.004 0.04 6.6 1.55 47 0.31 4.4 

0.12 0.05 10.7 2.24 55 0.32 4.8 

4.0 0.22 10,6 2.09 53 0.33 4.7 

Cee 40 0.27 11.4 2.21 52 0.34 4.9 

120 0.41 8.4 1.65 52 0.30 3.1 

(360 0.82 2.9 0.62 66 0.29 1.3) 

0.015 0.04 3.9 0.91 34 0.49 3.3 

0.15 v.06 7.4 1.57 45 0.36 4.2 

Mg 1.5 0.11 7.6 1.51 50 0.32 3.2 

15 0.13 11.4 2.21 52 0.34 4.9 

150 0.18 9.9 1.99 56 0.29 4.7 

0 0.04 2.5 0.69 31 0.60 2.0 

2.0 0.21 8.4 1.65 57 0.30 3.3 

> 6.0 0.16 9.3 1.83 53 0.34 4.1 

20 0.20 11.4 2.21 52 0.34 4.9 

0 0.004 4.5 1.04 41 0.35 2.0 

0.02 0.004 9.6 1.91 51 0.35 4.2 

ES 0.2 0.011 11.2 2.12 53 0.33 4.4 

1.0 0.014 11.4 2.21 52 0.34 4.9 

+e% 21.8 | 16.5 | 3.0 


nn 


in each beaker was about 12, but in some cases many seedlings died (in one of 
the beakers with the highest nitrogen supply and in both beakers with the highest 
calcium supply). For this reason the values are omitted (highest nitrogen supply) 


or the results are put in parenthesis (highest calcium supply). 


The concentrations of the elements in the supposed optimum solution (the 
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control, i.e., the common treatment contained in all series) are with the excep- 
tion of phosphorus the same as for spruce (18). The stock solutions are given 
n Table 1 and the proportions between the elements in the control solution are 
shown in Table 2. The different rates of supply are seen in Tables 3 (A, B) or 4. 
They extend over a larger concentration range than for birch or spruce. — 

The statistical processing of the data has been the same as for birch and spruce 
(17, 18) and the standard errors, expressed in per cent (e), are given on the bottom 
line in each column (Tables 3 and 4). 


III. Results and Discussions 
1. Growth conditions 


The growth values in Tables 4 and 5 show that the control solution has 
been well adapted to pine and close to optimum under the prevailing condi- 
tions. The optimum supply of nitrogen seems to be somewhat higher than 
50 ppm and of phosphorus somewhat lower than 20 ppm. Earlier experi- 
ments with pine in nutrient solutions (e.g. 30) give no statements about 
optimum supplies. It is, however, evident that the supplies used here as 
optimum are essentially lower than those used in sand or water cultures 
reported in the literature (e.g. 4, 6, 11, 25, 30). It is possible that the optimum 
ionic strength is higher in sand than in water cultures. The conditions of 
these methods are, however, so different that direct comparisons in this 
connection are meaningless. 

The pH value of the solutions has varied between 4 and 5 during the 
experiments. In sand cultures with P. echinata Chapman (9) found this pH 
range to be more advantageous than higher pH. Mitchell (24, 25) has on 
the basis of earlier works used pH 5—6 in sand cultures with P. strobus. 
In soil cultures with P. silvestris Siichting et al. (36, 42) found pH optimum 
at 4.5—5.5. Siichting reports later (39) in an experiment with humus that 
liming had no effect on growth of P. silvestris when the pH exceeded 3.2 
and considered that this was due to a well balanced nutrient status of the 
humus. This is in good agreement with new results (e.g. Olsen, 29). In 
preliminary experiments with pine preceding those reported here, pH at 
about 6 in the solutions was also tested. Growth was then somewhat lower. 


Table 5. Relative total dry weight at varying ionic strength but constant proportions of 
the elements in the nutrient solutions. The control dry weight is put equal to 100 and its 
element concentrations to 1. 


Concentration | 14 | 1/2 | 1 | 2 | 4 


Dry weight...... | 81 | 94 | 100 | 70 | 85 
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Mycorrhizas were lacking just as in the birch and spruce experiments. 
The importance of this fact has been discussed earlier (18). Also for pine 
it is clear, of course, that the results cannot be directly applied in the field. 
However, in most cases a very good accordance is noticeable when data 
found here are compared with field data. 

Under the prevailing growth conditions pine did not grow continously 
as birch and spruce within time tested in preliminary experiments. There- 
fore, it was necessary to harvest pine relatively early when the seedlings 
had not yet interrupted growth and formed buds. Experiments with a shorter 
light period (12 hours instead of 18 in this investigation) have also been 
carried out, but the growth rate was then very low at the light intensity 
used (about 10 per cent of full day light). Buds have been formed by some 
seedlings with strong deficiency. 


2. Morphological Effects 


Deficiency symptoms of all elements were developed at the lowest (P and 
S) or the two lowest (N, K, Ca, Mg, and Fe) supplies. The symptoms are 
very unspecific with chlorosis of the needles in all deficiencies except for 
phosphorus. When deficiency was strong the needle tips died in almost all 
cases. 

Pine deficiency symptoms have been described for most of the nutrient 
elements, also of micro nutrients (e.g. 23, 31, 32, 33, 52, 54). In some papers 
descriptions of symptoms of several elements are found (16, 25, 26, 30, 46, 
52). It is obvious that the symptoms are very unspecific also under field 
or other conditions. Mitchell (25) mentions that deficiency diagnosis on the 
basis of visible symptoms is difficult or impossible. This is evidently valid 
in all cases when the symptoms consist of more or less diffuse chlerosis with 
pale green to yellow colour of the needles (in this investigation N, K, Ca, S, 
and Fe). The phosphorus deficiency symptoms are different from the 
others because it is not connected with chlorosis. In this investigation de- 
ficiency is characterized by a dark green needle colour but in nurseries or 
greenhouses the needles assume in autumn a red to dark violet colour (cf. 
19, 25, 26). Magnesium deficiency seems to be relatively easily recognized 
because the chlorosis is restricted to the outer parts of the needles with a 
sharp border against the green bases. Similar symptoms have been described 
as magnesium deficiency symptoms in ınany cases (2, 3, 7, 16, 20, 26, 27, 
28, 30, 34, 46, 47, 48, 49, 52). In the stage when the needle tips begin to die 
and get brown, however, it seems to be difficult to distinguish between po- 
tassium, calcium, and magnesium dificiency. 
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Figure 1. The correlation between leaf and stem dry weight production within all 
experiments. The regression is y=—3.6+0.27 x. 


Diagnosis of mineral deficiency based on symptoms thus seems to be pre- 
carious. By means of needle analysis, preferably on samples from fertiliza- 
tion experiments, it seems possible to make a more certain diagnosis. In 
Table 6 the element contents of the needles corresponding to deficiency 
symptoms are given. In Table 7 these values are compared with those that 
are found in the literature. 

Mineral deficiency often affects the type and development of the roots. This, 
as for birch and spruce (17, 18), is especially evident in calcium deficiency 
when the root tips die causing short and densely branched root systems. 
Long and thin roots are for pine, too, characteristic in nitrogen deficiency, 
and in potassium deficiency the root growth is strongly inhibited. 

The root/shoot quotient of pine has been studied by many workers (e.g. 
1, 4, 6, 25). The quotient is given in Table 4. It is seen that the quotient 
decreases with increasing nitrogen supply, but high values are found also in 
phosphorus, sulphur, and magnesium deficiency. The significance of the 
root/shoot quotient when estimating the quality of seedlings in nurseries 
has been discussed earlier (18). It was held that it is more reliable to con- 
sider the type of the root systems and their ability of rapid development 
in a new soil. The quotient between root weight and root length may be used 
as a rough measure of these factors. The meaning of this quotient, which 
is given in Table 4, was discussed in connection with the spruce investiga- 
tion (18). In all deficiencies except of calcium the quotient is low, which 
means that the root systems are thin and poorly branched. This is especially 
obvious in nitrogen and potassium deficiency. In the case of potassium the 
low root weight/root length quotient in connection with very small roots 
(Table 3 B) indicates a seriously affected root quality at deficiency despite 
the relatively little affected root/shoot quotient. The relatively good root 
development of pine within a broad nutrition range is in agreement with its 
generally great tolerance to variations in nutrient status. 
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In the earlier investigations (17, 18) it was shown that the quotient be- 
tween foliage weight and stem weight is very constant independent of the 
nutrient factor. This is the case with pine, too (Figure 1). The quotient is 
very nearly equal to 0.27. It is much lower than for birch or spruce, which 
seems to depend on the high weight per needle and the number of needles 
per stem unit. It is thus seen again that the water and selfshading factors 
seem to be less important in these experiments than in the field (cf. 8, 10, 35). 


3. Relations between Supply and Nutrient Contents 


In this investigation as in the previous ones (17, 18), the nutrient solution 
is regarded as a medium for producing seedlings with different physiolog- 
ical conditions. These conditions are described on the basis of growth and 
nutrient contents in the seedlings especially in the needles. By means of this 
method account is taken only of the nutrients actually taken up by the seed- 
lings. Therefore, certain factors e.g. mycorrhiza seem to be of less import- 
ance for the interpretation and application of the results (cf. 18). When it 
comes to comparisons between the tree species, however, it is obvious that 
there are great differences in the ability to take up nutrients at different 
concentrations in the medium. To what extent the structure of the nutrient 
medium, mycorrhiza and other factors are responsible for these differences 
is not known. Thus, the comparisons that are made on this basis are valid 
only under the actual experimental conditions. Yet, it seems to be of interest 
to illustrate also these differences in the physiology of the tree species that 
may be of importance in the interpretation of certain phenomena noticed 
in the field. A more comprehensive comparison between the tree species 
will be published later on, but it seems appropriate to merition certain dif- 
ferences in connection with the discussion of the different elements. 


4. Nutrient Absorption and Growth 


Analysis and growth data have been compiled in Tables 3A and B, and 4. 
A summary of certain critical levels of content is presented in Table 6, and 
in Tables 7 and 8 some of these are compared with values found in the 
literature. 

The values in Table 6 have been graphically interpolated in the same way 
as for spruce (18) and are thus approximate. The maximum point on the 
content/growth curve indicates maximum growth and optimum content. The 
optimum content gives information about the absolute requirement, i.e., the 
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Table 6. Approximate element content of the needles interpolated from different points 
on the content/growth curves. The values representing sulphur and iron are relatively 
undependable. 


: : Element content of needles, 
With deficiency symptoms %, of dry weight 


Element Element content| Growth, % [At 50 % o At At 90 % of 
Symp of needles, of maximum |maximum| maximum | maximum 
fear % of dry weight growth growth growth growth 

Strong 0.7 28 | rs 
N No 16 66 1.2 3.0 2.4 sl 
Strong 0.06 29 : = 
P No 0.09 63 0.07 0.23 0.13 — 0.28 
K Beginning 0.30 40 0.4 0.9 0.7 — 1.6 
Ca Beginning 0.05 100 0.03 0.05 — 0.24 | 0.04 — 0.3 
Mg Beginning 0.06 71 0.04 0.13 0.12 — 0.2 
Strong 0.04 31 
= No 0.15 aa 2) 
Fe Beginning 0.004 (87 0.004 | > 0.007 > 0.005) 


amount of an element that is needed for maximum growth. The intersections 
between the content/growth curve and the lines representing 50 and 90 per 
cent of maximum growth reveals the tolerance of the seedlings to variations 
in the content from the optimum. The width in the 90 per cent level is a 
measure of the optimum range which is regarded as a more reliable and 
useful expression for the optimum than the optimum point. 

The critical values of sulphur and iron cannot be determined or only 
roughly estimated because no supraoptimum supplies have been used in 
these series. New experiments with these elements will be published later. 


5. Nitrogen 


The nitrogen content/growth curve is steep on both sides of optimum. 
On the supraoptimum side the curve is very steep but this part of the curve 
is uncertainly determined. With the highest supply most seedlings died in 
one of the beakers and the nitrogen contents in the needles corresponding 
to the two highest supplies are slightly higher than in the needles of the 
control seedlings (Table 3 A). In the roots, on the contrary, a strong increase 
in nitrogen contents is found also in the supraoptimum range (Table 3B). 

Incipient nitrogen deficiency symptoms were not noticed in the experi- 
ment and therefore the corresponding nitrogen content in the needles cannot : 
be reported. Pronounced symptoms were developed at the two lowest levels 
but at the next higher the seedlings showed no symptoms. Thus a content 
of 1.6 per cent nitrogen in the needles corresponds to no and 0 7 per cent 
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to strong symptoms (Table 6). Mitchell (25) reports 0.7—1.3 per cent nitro- 
gen in shoots of P. strobus as the deficiency level but mentions that the 
needles show a continuous change in colour from yellow to dark green. 
Süchting (38) states the critical value for nitrogen deficiency as 1.2 per cent 
in shoots of P. silvestris. In a later paper (41) he says that weak symptoms 
correspond to contents of 1.03—1.37 per cent nitrogen and strong to 0.84— 
1.11 per cent. Süchting (39) also reports nitrogen deficiency at 1.54 per cent 
nitrogen in the shoots. Tamm (45) mentions 1.1—1.6 per cent nitrogen as 
the deficiency level in current needles of P. silvestris. 

The optimum nitrogen content of the needles is approximately 3.0 per cent 
and the optimum range lies between 2.4 and 3.1 per cent nitrogen (Table 
6). Optimum nitrogen contents given in the literature are very divergent. 
Bensend (4) determined the optimum content in whole seedlings of P. bank- 
siana as 2.25 per cent nitrogen. In needles of P. taeda and P. Virginiana 
Fowells and Krauss (11) found the optimum content 1.7—2.3 per cent 
nitrogen. The optimum seems, however, to be relatively uncertainly deter- 
mined and it is possibly essentially higher. Mitchell (25) has calculated the 
optimum nitrogen content in shoots of P. strobus to 3.26 per cent by means 
of the Mitscherlich formula. It may be of interest to mention that Mitchell’s 
data, when treated according to the methods used in the present investiga- 
tion, give the following critical values: optimum: 2.9 per cent, optimum 
range: 2.2—3.9 per cent, 50 per cent growth inhibition: 1.1 per cent nitrogen. 
The coincidence between the values within the suboptimum range (Table 
6) is striking. 

Gast (12) suggested 3 per cent nitrogen as the optimum in needles of 
P. silvestris and Björkman’s (5) data indicate the optimum at 2.5—3 per 
cent nitrogen in the shoots. Tamm (44, 45) has mentioned 2—2.5 per cent 
nitrogen as a possible optimum. Boszormenyi (6) found 1.8—2 per cent 
nitrogen to be the range between insufficient and luxuary nitrogen levels 
but no supraoptimum supplies have been used and the highest nitrogen 
content of the needles is about 2.5 per cent. Süchting (37) mentioned 1.2— 
1.5 per cent nitrogen as “normal” in shoots but found later (39) 1.54 per 
cent to indicate deficiency. 

It is thus seen that the optimum values found in the literature usually 
are lower than those shown in this investigation. Few values are, however, 
comparable and in many cases the optimum seems to be uncertainly de- 
termined. 

The absolute nitrogen requirement of pine for maximum growth is rela- 
tively high and higher than for spruce. On the other hand, 50 per cent 
growth reduction is found at about the same nitrogen level in the needles, 
which is explained by the fact that pine has a greater tolerance than spruce 
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to variations in the content. Pine has within nearly the whole range essenti- 
ally higher contents in the needles than spruce at the same concentration 
of nitrogen in the nutrient solution. This indicates that pine has a higher 
ability to take up nitrogen from the solution. 


6. Phosphorus 


Incipient deficiency symptoms correspond to phosphorus contents be- 
tween 0.06 and 0.09 per cent. At the former content the symptoms are pro- 
nounced and at the latter they are lacking (Table 6). Corresponding critical 
values in needles are given by Fowells and Krauss (11) as 0.10 per cent for 
P. taeda and P. Virginiana and by Tamm (44) as 0.09—0.10 per cent for 
P. silvestris. Siichting (37, 38) has reported deficiency at 0.09 per cent for 
shoots of P. silvestris and later (41) weak deficiency symptoms at 0.10—0.16 
per cent and strong at 0.07—0.09 per cent phosphorus in the shoots. 

The optimum phosphorus content is approximately 0.23 per cent and the 
values 0.13—0.28 indicate the optimum range (Table 6). The optimum is 
determined by Fowells and Krauss (11) as 0.14—0.18 per cent for P. taeda 
and P. Virginiana and by Leyton (21) as 0.15 per cent phosphorus for P. 
corsicana. For P. silvestris Bjérkman (5) has reported data that indicate 
the optimum at 0.20—0.30 per cent and Siichting (37, 38) found for the 
same species 0.13—0.17 per cent phosphorus as “normal”. He mentions, 
however, that fertilization increases growth when the content is 0.13 per cent 
and later (39) that the phosphorus uptake seems to stop when the content 
is 0.35 per cent. Very contradictory to these results are the values reported 
by Mitchell (25) for P. strobus. He found in the shoots “region of minima” 
at 0.10—0.28 per cent, “working region” at 0.28—0.56 per cent, “region of 
tension” at 0.56—0.69 per cent, “optimum” at 0.67 per cent and “toxic 
region” at 0.69+ per cent phosphorus. It is seen that the optimum found 
in the present investigation lies within Mitchell’s “region of minima” An 
optimum at 0.67 per cent phosphorus in leaves is extremely high (cf. Goodall 
and Gregory, 13) and it seems doubtful that the value is correct. 

The absolute requirement of phosphorus is about the same for pine and 
spruce, but the tolerance to variations in the content is somewhat greater 
for spruce. In nutrient solutions with the same phosphorus concentration 
pine and spruce have about the same contents in the needles. There is, how- 
ever, a tendency to relatively high contents in pine at low supply and in 
spruce at high supply. 


7. Potassium 


Incipient potassium deficiency symptoms correspond to a content in the 
needles of about 0.3 per cent potassium (Table 6). This value is in very 
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good accordance with corresponding values given in the literature. It is 
found to be 0.30 per cent by Heiberg and White (15) for P. resinosa and 
P. strobus, 0.4 per cent by Walker (50, 51) for P. strobus, and 0.30 per cent by 
van Goor (14) for P. nigra. For P. silvestris van Goor (14) determined the 
value as 0.35 per cent, Süchting (38, 40) as 0.33 per cent, and Wittich (55) as 
0.4 per cent potassium. Tamm (44) found that the level 0.25—0.31 per cent 
potassium in 1.5-year-old needles indicated potassium deficiency. 


The optimum potassium content is about 0.9 per cent and the optimum 
range extends between about 0.7 and 1.6 per cent potassium (Table 6). Only 
a few data about optimum contents of pine are found in the literature. 
Süchting et al. (36) have mentioned that deficiency is not present in P. 
silvestris when the content in the shoots is 0.5—1.17 per cent and that the 
latter value indicates a luxuary uptake of potassium. The “normal” value 
is found to be 0.33—0.83 per cent (38). Mitchell (25) has calculated the opti- 
mum content to 1.72 per cent potassium in shoots of P. strobus. Also for 
potassium the optimum value found here lies within Mitchell’s “region of 
minima” (0.82—-1.02 per cent potassium). Mitchell reported potassium de- 
ficiency symptoms in the experiments that occurred at a potassium content 
of 0.82 per cent or more. This value is much higher than all others referred 
above. 

The absolute requirement of potassium for pine is about the same as for 
spruce. On the other hand, pine shows less tolerance to deviations from the 
optimum content. Yet, pine has higher contents in the needles than spruce 
at the same concentration in the nutrient solution, and the difference in- 
creases as the supply increases. The relative growth of pine (per cent of 
maximum growth) is therefore greater than that of spruce at the same 
supply within the suboptimum range and the optimum supply seems some- 
what lower for pine than for spruce. 


8. Calcium 


The calcium deficiency symptoms begin to develop when the calcium 
content in the needles is about 0.05 per cent (Table 6). Calcium analysis data 
at deficiency or optimum are very scarce in the literature. Nemec’s obser- 
vations (e.g. 27) refer rather to lime deficiency in the soil than physiological 
calcium deficiency .in the trees. Mitchell (25) reported calcium deficiency 
symptoms in P. strobus and the corresponding calcium content in the shoots 
seems to be 0.23 per cent calcium. 

The calcium content/growth curve is practically horizontal between the 
contents 0.05 and 0.24 per cent calcium, and this range may represent the 
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optimum because an optimum point is meaningless in this case (Table 6). 
The optimum range is somewhat wider and lies between 0.04 and 0.3 per 
cent. Mitchell (25) found the optimum to be 0.33 per cent calcium in shoots 
of P. strobus and “region of minima” between 0.23 and 0.24 per cent cal- 
cium. It is seen that the optimum in the present study lies mainly below 
Mitchell’s “region of minima”. Süchting et al. (36) found that 0.27—1.17 
per cent calcium in shoots of P. silvestris is “normal” and that 0.16—0.20 
per cent calcium is low (43). Themlitz (49) found good growth of P. silvestris 
with 0.25 per cent calcium in needles. 

The seedlings that were given the highest calcium supplement died to a 
great extent. The calcium content of the needles in the rest of the seedlings 
was 0.82 per cent (Table 3 A). In the field higher contents are often found 
without symptoms in seedlings or trees. The cause of the toxic effects at 
higher levels in nutrient solutions has been discussed earlier (18). The 
threshold value for supraoptimum calcium contents (0.3 per cent) does not 
seem applicable in the field. 


The absolute calcium requirement is about the same for pine and spruce, 
but pine is less tolerant to variations in the calcium content. At the same 
calcium supply pine has a higher content in the needles than spruce except 
at the highest supplies and an essentially higher relative growth (per cent 
of maximum) within the sub-optimum range. 


9. Magnesium 


Incipient magnesium deficiency symptoms correspond to a magnesium 
content in the needles of about 0.06 per cent (Table 6). Becker-Dillingen 
(2, 3) found very varying contents in needles with yellow tips. In yellow 
needles the reported contents were 0.037, 0.0078 and 0.070 per cent in three 
different cases and in the compared green needles the content were 0.055, 
0.037, 0.080 per cent magnesium, respectively. Nemeë (28) has for two pine 
species reported 0.089 and 0.078 per cent in needles with symptoms and 0.12 
respectively 0.13 per cent in the compared green needles. Stone (34) found 
for three pine species pronounced symptoms at 0.08—0.12 per cent magne- 
sium. For P. silvestris Themlitz (48, 49) determined the critical content 
as 0.06 per cent magnesium. Judging from these diverging values it is 
questionable whether needle analysis is applicable for diagnosis of magne- 
sium deficiency. It must, however, be kept in mind that many facts that are of 
importance, e.g., the needle age, where not always taken into consideration in 
earlier works. Further more, it has been mentioned that pine symptoms are very 
unspecific and in many cases it has not been established that the symptoms 
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are caused by magnesium deficiency or that no differences exist in the con- 
tent of other elements. To check the resluts current needles of P. silvestris 
were sampled by the author in three nurseries in north Sweden in the 
autumn of 1959. The needles had three stages of yellow tip symptoms, 
strong, weak, and no symptoms. The contents of nitrogen, phosphorus, 
potassium and calcium were not extreme and did not generally vary with 
the symptom strength (N: 1.8—2.4, P: 0.19—0.24, K: 0.70—1.0, Ca: 0.28— 
0.62 per cent of needle dry weight). The magnesium contents varied very 
obviously with the symptom strength: strong symptoms at 0.035, 0.046, and 
0.052 per cent magnesium in the respective nurseries, weak symptoms at 
0.054, 0.052, 0.056 per cent, and no symptoms at 0.060, 0.071, 0.067 per cent 
magnesium. It is seen that the critical value found here is the same as in 
all three nurseries (0.06 per cent). 

The optimum magnesium content is approximately 0.13 per cent and 
the optimum range corresponds to about 0.12—0.2 per cent magnesium 
(Table 6). Comparable values from pine have not been found in the literature. 

The absolute magnesium requirement for pine is about the same as for 
spruce as well as the width of the optimum range. Pine has, however, higher 
contents and relative growth (per cent of maximum) than spruce at the same 
supply within the sub-optimum range. 


10. Sulphur and Iron 


In these two series no supraoptimum supplies have been used. Therefore, 
it is difficult or impossible to make even approximate determinations of the 
optimum or other critical data calculated on this basis. The iron content/ 
growth curve reaches. however, the horizontal stage that is characteristic for 
the optimum range. Thus it is possible to give some preliminary values (Table 
6). In a short time complementary series with sulphur and iron 'will be 
published. 

As far as the author knows no analysis data of sulfur and iron are given 
for forest trees in the literature that are comparable to the values found here. 

Incipient deficiency symptoms have been observed in the iron series and 
the corresponding content in the needles is 0.004 per cent iron (Table 6). 
For sulphur the symptoms are pronounced at a content of 0.04 per cent 
but are lacking at 0.15 per cent sulphur. 

The optimum sulphur content is not distinguishable but there is a ten- 
dency in the content/growth curve to become horizontal at 0.2 per cent 
sulphur in the needles. The iron content/growth curve is very obviously 
horizontal at contents above about 0.007 per cent iron and the optimum 
range seems to begin at about 0.005 per cent iron. 
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Summary 


Pine seedlings have been grown in nutrient solutions with varying supp- 
lements of N, P, K, Ca, Mg, S, and Fe. Growth measurements and chemical 
analyses of needles and roots have been carried out. The results may be 
summarized as follows: 

1. The nutrient solution of the control (the common member of all experi- 
mental series) has appeared nearly optimum for the elements tested 
under the conditions prevailing during the experiment. 

2. The content in needles corresponding to various physiological nutrient 
conditions has been approximately determined.-The determinations are 
undependent with respect tor sulphur and iron since no supraoptimum 
supplements of these elements have been used. The absolute requirements 
for maximum growth of pine with respect to nitrogen, phosphorus, potas- 
sium, calcium, and magnesium may be elucidated by the following series 
of declining requirements: 


N>K>P>Mg>Ca 


The tolerance to deviations from the optimum content of the needles 
without a loss of growth exceeding 10 per cent of the maximum varies 
depending on the element involved. The following series of increasing 
tolerance may be established: 


Mg<N<K<P<Ca 


If a growth reduction of 50 per cent of maximum growth is used as 
a basis the following series of increasing tolerance is obtained: 


K<P<N<Mg<Ca 


3. The absolute requirements of pine at maximum growth with respect to 
various elements are less than those of birch; with respect to nitrogen 
higher and to the other elements slightly higher or the same to those 
of spruce. 

4. In nutrient solutions with the same concentrations of the various ele- 
ments pine has generally higher contents in the needles and higher relative 
growth (per cent of maximum) than spruce. This is most obvious within 
the suboptimum range. 

5. Deficiency symptoms are very unspecific in these experiments and seem 
with the exception of phosphorus and sometimes magnesium not suit- 
able for diagnosis. 

6. Dry weight values of stem and needles are very strongly correlated in- 
dependent of the nutrient status. 
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Development and type of roots are influenced by the nutrient factor but 
not so much as they are in spruce. At the optimum the roots seem most 
advantageous with respect to quality of nursery seedlings. 


The author wishes to express his gratitude to Miss. Birgitta Kjellberg and Miss 


Britt Hanngren for their careful technical assistance and analytical work. 


References 


. Aldrich-Blake, R. N.: The influence of nutrition on the relative root and shoot devel- 


opment of forest tree seedlings. — Forestry. 6:40. 1932. 
Becker-Dillingen, J.: Die Gelbspitzigkeit der Kiefer, eine Magnesiamangelerscheinung. 
— Ernähr. Pfl. 33: 1. 1937. 


. — Die Magnesiafrage im Waldbau. — Forstarchiv. 16:88. 1940. 
. Bensend, D. W.: Effect of nitrogen on growth and drought resistance of jack pine 


seedlings. — Tech. Bull. Minn. Agr. Expt. Sta. 163: 1. 1943. 

Björkman, E.: Über die Bedingungen der Mykorrhizabildung bei Kiefer und Fichte. 
— Symb. Bot. Upsal. 6:2. 1942. 

Boszormenyi, Z.: Mineral nutrition of Scots pine seedlings. I. — Agrokemia es talaj- 
tan. Budapest. 5: 75. 1956. 

Brüning, D.: Forstdüngung. — Neumann Verlag. Radebeul. 1959. 

Burger, H.: Holz, Blattmenge und Zuwachs. — Mitt. Schweitz. Anst. Forstl. Ver- 
suchsw. 1929, 1935, 1937, 1939, 1953. 

Chapman, A. G.: Tolerance of shortleaf pine seedlings for some variations in soluble 
calcium and H-ion concentration. — Plant Physiol. 16: 313. 1941. 

Dengler, A.: Kronengrösse, Nadelmenge und Zuwachsleistung von Altkiefern. — Z. 
Forst- und Jagdw. 69: 321. 1937. 


. Fowells, H. A. & Krauss, R. W.: The inorganic nutrition of loblolly pine and Virginia 


pine with special reference to nitrogen and phosphorus. — For. Sci. 5: 95. 1959. 


. Gast, P. R.: Studies on the development of conifers in raw humus, III. — Medd. Stat. 


Skogsförs.-Anst. 29: 587. 1936—37. 

Goodall, D. W. & Gregory, F. C.: Chemical composition of plants as an index of 
their nutritional status. — Tech. Comm. Bur. Hort., E. Malling. 17. 1947. 

Goor, C. P. van: Kaligebrek als oorzaak van gelepuntziekte van groveden (Pinus syl- 
Vestris) en Corsicaanse den (Pinus nigra var. Corsicana). — Korte Med. Rijksb. 
Proefst. 25. 1956. 

Heiberg, S..O. & White, D. P.: Potassium deficiency of reforested pine and spruce 
stands in northern New York. — Proc. Soil Sci. Soc. Amer. 15: 369. 1951. 

Hobbs, C. H.: Studies on mineral deficiency in pine. — Plant Physiol. 19: 590. 1944. 

Ingestad, T.: Studies on the nutrition of forest tree seedlings. I. Mineral nutrition 
of birch. — Physiol. Plant. 10: 418. 1957. 

— Studies on the nutrition of forest tree seedlings. II. Mineral nutrition of spruce. 
— Ibidem. 12: 568. 1959. 


. Jessen, W.: Phosphormangelerscheinungen bei verschiedenen Holzarten. — Phos- 


phorsäure. 7: 263. 1938. 


. — Kalium- und Magnesiummangelerscheinungen und Wirkung einer Düngung mit 


Kaliumchlorid und Kalimagnesia auf das Wachstum verschiedener Holzarten. — 
Ernähr. Pfl. 35: 228. 1939. 


Physiol. Plant., 13, 1960 


532 


21° 


22. 


23. 


24. 


. — Untersuchungen über die Ernährungsverhältnisse des Waldes. IX. 


TORSTEN INGESTAD 


Leyton, L.: The relationship between the growth and mineral nutrition of conifers. 
— The physiology of forest trees (Ed. Thimann, K. V.). New York. p. 323. 1958. 


— The mineral requirements of forest plants. — Handb. Pflanzenphysiol. IV: 1026. 
1958. 

Ludbrook, W. V.: The effect of various concentrations of boron on the growth of 
pine seedlings in water culture. —- Jour. Aust. Inst. Agr. Sci. 8:112. 1942. 


Mitchell, H. L.: Pot culture tests of forest soil fertility with observations on the effect 
of varied solar radiation and nutrient supply on the growth and nitrogen content 
of Scots and white pine seedlings. — Black Rock Forest Bull. 5. 1934. 


5. — The growth and nutrition of white pine (Pinus strobus) seedlings in cultures with 


varying nitrogen, phosphorus, potassium, and calcium. — Black Rock Forest 
Bull. 9. 1939. ; 
Möller, A.: Karenzerscheinungen bei der Kiefer. — Z. Forst- und Jagdw. 36: 745. 1904. 
Nemec, A.: Ernährungsstörungen bei kümmernden Kulturen und Beständen. — Mitt. 


Forstwirt. Forstwiss. 11: 244. 1940. 

— Zur Kenntnis der Kali- und Magnesiamangelerscheinungen bei Sämlingen und 
Kulturen der Kiefer. — Forstwiss. Ctbl. 64: 160. 1942. 

Olsen, C.: Iron uptake in different plant species as a function of the pH value of 
the nutrient solution. — Physiol. Plant. 11: 889. 1958. 


Pessin, L. J.: The effect of nutrient deficiency on the growth of longleaf pine seed- 
lings. — Occ. Pap. Sth. For. Exp. Sta. 65. 1937. 


. Rademacher, B.: Kupfermangelerscheinungen bei Forstgewächsen auf Heideböden. 


— Mitt. Forstwirt. Forstwiss. 11:335. 1940. 


Smith, M. E.: Micronutrients essential for the growth of Pinus radiata. — Aust. 
For. 7:22. 1943. 


. — & Bayliss, N. S.: The necessity of zinc for Pinus radiata. — Plant Physiol. 17: 303. 


1942. 


. Stone, E. L.: Magnesium deficiency in some northeastern pines. — Proc. Soil Sci. Soc. 


Amer. 17: 297, 1953. 

Stalfelt, M. G.: Die physiologisch-ökologischen Bedingungen der stomatären Diffu- 
sionskapacität. — Skogshögskolans festskrift, Stockholm 1928. 

Süchting, H., Jessen, W. & Maurmann, G.: Untersuchungen über die Ernährungs- 
verhältnisse des Waldes. III. — Bodenk. Pflanzenernähr. 5: 338. 1937. 


. — Untersuchungen über die Ernährungsverhältnisse des Waldes. IV. — Ibidem. 
13: 73. 1939. 
. — Untersuchungen über die Ernährungsverhältnisse des Waldes. V. — Ibidem 


19: 125. 1940. 


— Untersuchungen iiber die Ernahrungsverhaltnisse des Waldes. VI. — Ibidem 24: 87. 
1941. 


— Untersuchungen über die Ernährungsverhältnisse des Waldes. VII. — Ibidem 
24: 233. 1941. 

. — Untersuchungen über die Ernährungsverhältnisse des Waldes. VIII. — Ibidem 
28: 340. 1942. 


— Ibidem 
32:365. 1943. 


— Die Ernährungsverhältnisse des Waldes. — Allg. Forst. Jagdz. 119:29, 64. 1943 


Tamm, C. O.: Studier över skogens näringsförhällanden III. (Summary in English) 
— Medd. Stat. Skogsf.-Inst. 46(3). 1956. . x 


Physiol. Plant., 13, 1960 


45. 


46. 


47. 


48. 


49. 


50. 


51. 


52. 


53. 
54. 


55. 


NUTRITION OF FOREST TREE SEEDLINGS. III 533 


— The effects of nitrogen fertilization on tree growth and foliage in a forest stand. 
— Coll. VIe Congr. Int. Sci. du Sol. p. 150. 1956. 

— & Ingestad, T.: Symptom pä näringsbrist hos skogsträd. — Bristsjukdomar. Växt- 
Närings-Nytt, Stockholm. 1959. 

Themlitz, R.: Ein Beitrag zur Düngung in forstlichen Pflanzgärten. — Kali-Briefe. 
1958. 

— Untersuchungen zur Nährstoffwanderung in einem Heideboden und Nährstoff- 
dynamik junger Kiefern (pin. silv.). — Ibidem. 1958. 

— Nährstoffmangelerscheinungen an jungen Kiefern als Folge unausgeglichener 
Düngung und ihre Diagnose durch differenzierte Nadelanalysen. — Ibidem. 1959. 

Walker, L. C.: Foliar analysis as a method of indicating potassium-deficient soils 
for reforestation. — Proc. Soil. Sci. Soc. Amer. 19: 233. 1955. 

— Foliage symptoms as indicator of potassium-deficient soils. — Forest Sci. 2: 113. 
1956. 

Wilde, S. A. & Voigt, G. K.: Determination of color of nursery stock foliage by means 
of Munsell color charts. — Jour. For. 50: 622. 1952. 

White, D. P. & Leaf, A. L.: Forest fertilization. — State Univ. Coll. For. 81. 1958. 

Wilson, C. C.: The response of two species of pine to various levels of nutrient zinc. 
— Science. 117: 231. 1953. 

Wittich, W.: Auswertung eines forstlichen Diingungsversuches auf einem Standort 
mit für weite Gebiete Deutschlands typischem Nährstoffaushalt. — Ruhr-Stick- 
stoff A.G., Bochum. 


Physiol. Plant., 13, 1960 


PHYSIOLOGIA PLANTARUM, VOL. 13. 1960 


Effect of Daylight and of Artificial Illumination on the 
Growth of Staphylococcus aureus and Some Other Bacteria 


By 


ERIK G. JORGENSEN AND E. STEEMANN NIELSEN 


Royal Danish School of Pharmacy, Kobenhavn 
(Received May 10, 1960) 


Problems concerning the production of antibiotic substances in cultures 
of unicellular algae have been studied in this laboratory during the last few 
years. In most experiments Staphylococcus aureus (209 P) was used as test 
object for the antibiotic activity. Illumination was found to affect the action 
of the antibiotic substances from the algal cultures and it was therefor 
necessary for us to obtain information concerning the growth of Staphylo- 
coccus aureus in the dark and in light from different sources. The growth 
of Staphylococcus aureus was studied in daylight and in artificial light both 
from fluorescent and incandescent lamps. 

In addition to the information obtained concerning the effect of light 
on the growth of Staphylococcus aureus additional information has gained 
concerning the influence of light on the growth of some bacteria isolated 
from algal cultures. 


1. The Growth of Staphylococcus aureus 


Light from fluorescent lamps. Ordinary tubular lamps — Philips 33 a, 
white light — were used for the experiments. In one series 18 test tubes 
ecch containing 5 ml. broth and each inoculated with the same number of 
Staphylococcus cells were placed in a water bath at 20°C, and illuminated 
with fluorescent light of about 7000 lux. Every other test tube was wrapped 
in black paper. After 24 hours the bacteria were developed and counted on 
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Table 1. Number of colonies of Staphylococcus aureus per petri dish. 
i Send ut Fe 


Tubes Tubes not 
Tube illuminated | illuminated 
1 22 192 
2 11 205 
3 19 79 
4 20 151 
5 27 217 
6 23 313 
7 19 277 
8 26 642 
9 22 228 
Average 21 256 


agar plates in the ordinary way. Table 1 shows that on the average about 
ten times as many bacteria were found in the tubes not illuminated as in 
the illuminated ones. 

In another experiment the growth of the bacteria was measured in terms 
of the increase in the light extinction of the broth. In the light series the 
growth was equivalent to 0.8 (0.7—0.9) extinction units, in the dark series 
it was equivalent to 1.8 (1.5—2.0) units. In other experiments the light 
from the fluorescent tubes was filtered through a piece of filter paper reduc- 
ing the light intensity to about 900 lux. In these experiments also a distinct 
but much smaller influence of the illumination was found. In these experi- 
ments the bacteria were growing on the surface of agar plates for 24 hours 
and consequently the experiments are not directly comparable with those 
described above. In one of these experiments 964 (862, 1017, 1013) colonies 
of Staphylococcus aureus were found on the plates illuminated and 1158 
(1103, 1121, 1251) colonies on the plates not illuminated. In another experi- 
ment no colonies developed on the plates in the light and 35 (33, 35, 36) 
colonies on the plates kept in dark. 

Daylight. Experiments carried out in daylight rendered varying results. 
The tubes with broth and bacteria were placed in the rear part of a room 
where no direct sunlight could reach them. In an experiment from the be- 
ginning of February no difference could be found between illuminated and 
darkened tubes, whereas an experiment from the end of April showed an 
average of 72 (90, 75, 52) colonies per petri dish from the illuminated tubes 
and 124 (124, 116, 131) from the darkened tubes. 

Light from incandescent tamps. Experiments with light from incande- 
scent lamps have never shown any significant reduction of the growth rate 


of Staphylococcus aureus. 
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2. The Growth of Bacteria Isolated from Algal Cultures 


Two different species of bacteria isolated from infected cultures of Chlo- 
rella pyrenoidosa and Scenedesmus quadricauda respectively have also been 
tested for the influence of light. Surprisingly, they were as sensitive to the 
influence of fluorescent light and of daylight as is Staphylococcus aureus. 
Both species studied were rod-shaped, gram-negative and non-sporeforming. 


Test tubes with broth were inoculated with an undetermined bacteria 
isolated from a culture of Chlorella pyrenoidosa. In the tubes illuminated 
for 48 hours with fluorescent lamps giving an intensity of about 4000 lux 
(20°C) the extinction afterwards was 5.4 (4.9, 5.5, 5.9) units whereas in the 
three similar, but darkened tubes, the extinction was 9.2 (8.4, 9.5, 9.8), thus 
indicating a distinct reduction of bacterial growth due to the light. 


In a parallel series the source of illumination was incandescent lamps 
giving approximately the same light intensity. No statistically significant 
influence of the illumination was seen. In the tubes illuminated 10.1 (8.2, 
11.0, 11.1) units and in the darkened tubes 8.5 (7.2, 9.2, 9.2) units were 
found. 

In experiments with another undetermined bacteria isolated from a cul- 
ture of Scenedesmus quadricauda the rate of respiration of the bacteria was 
determined. The oxygen consumption in 48 hours was measured by means 
of the Winkler technique. The bottles with the bacteria in a medium con- 
taining 8 mg. peptone and 16 mg. glucose per liter were placed near a 
window facing south during the end of November. The sky was overcast 
throughout the experiment. In six darkened bottles the oxygen consumption 
per 48 hours varied between 2.00 and 2.86 mg. per l., i.e., an average of 
2.39 mg. O2 per 1. In four illuminated bottles the oxygen consumption was 
on the average 0.93 (0.81—1.13) per 1. per 48 hours. Thus light from an 
overcast sky at the end of November at 55°N has a reducing effect on the 
metabolism of the bacteria, although in addition to double windows the 
light had to pass through the walls of the bottles. Under such conditions 
no light of really bactericidal influence can reach the bacteria. 


3. Discussion 


Treatment of bacteria with radiation of short wavelengths such as ultra- 
violet light below 300 my, X-rays, y-rays and a-rays has been studied 
very intensively. This type of radiation is known to have a strong effect 
on bacteria, the predominant effect being sterilisation. Comparatively little 
research seems to have been done concerning the effect on bacteria of light 
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in the visible part of the spectrum. Due to the complications found in 
mixtures of bacteria and algae, we do not mention the few articles dealing 
with the influence of light on the growth of bacteria under such conditions. 
In recent years Buchbinder et al. (1941) studied the effects of daylight, sun- 
light and light from fluorescent lamps on Streptococci. The experiments 
were carried out with non-growing bacteria. Diluted cultures were sprayed 
into the experimental chamber and allowed to settle for five to fifteen 
minutes into open sterile petri plates fitted with sterile filter papers. The 
petri dishes with bacteria were exposed to light for 1 and 2 hours, respec- 
tively, then flooded with agar and incubated at 37°C. They found a distinct 
lethal effect of both daylight and light from fluorescent lamps on the 
Streptococci and suggested that the effect was due mainly to the blue region 
of the visible spectrum. Miller and Schad (1944) studied the effect of sun- 
light and diffuse daylight on Meningococci cells dried in films on the surface 
of glass, wood and cotton fabric. The cells were killed by direct sunlight 
within a very few hours. In diffuse daylight passing through two layers of 
glass, they were killed within 30 hours. In red light they survived almost 
as long as in the dark. 

In our experiments a distinct inhibiting effect on the growth of the bac- 
teria studied was found in daylight and in light from fluorescent lamps but 
no effect could be demonstrated in light from incandescent lamps. Table 2 
shows the composition of daylight and of the light from fluorescent and 
incandescent lamps, respectively, with regard to the colour in per cent of 
the total light (after a booklet on fluorescent lamps from N. V. Philips’ 
factories in Eindhoven). Daylight and fluorescent light are not very different. 
On the other hand, the incandescent light differs from the others especially 
by the much lower content of violet light. In most of the experiments the 
light had passed through two or three layers of glass and hence we con- 
sider it very unlikely that any ultraviolet light of wavelengths below about 


Table 2. Composition of light from different light sources with regard to the colour in 
per cent of the total light. 


EEE mm À 


; 3 Fluorescent lamp. Incandescent 

Colour of light | Daylight Philips White 33 a lamp 
Ultra violet ... 0.025 0.01 0.005 
Violette 0.26 0.33 0.005 
Buße 0.91 0.33 0.23 
Blue-green ...... 11.1 5.1 5.3 
Green ...........- 40.8 35.7 32.7 
Velow: 2... 36.2 49.6 42.2 
Orange ......... 10.0 8.8 17.7 

Red rss 0.7 0.21 1.8 
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300 mu was left. The experiments therefore support the assumption that 
light of wavelengths well about those of bactericidal ultraviolet light may 
affect the growth of bacteria, and even of the species found to contaminate 


cultures of autotrophic algae. 


The grant made by the Danish State General Research Foundation to aid the 
present work is gratefully acknowledged. 


Summary 


The growth of Staphylococcus aureus together with some bacteria isolated 
from contaminated algal cultures was studied in daylight and in light from 
fluorescent and incandescent lamps and compared with the growth in the 
dark. Light from incandescent lamps was found to have no effect on the 
growth of the bacteria. Daylight and fluorescent light had a distinct inhibit- 
ing effect on the growth rate of the bacteria studied. It is suggested that 
the effect may be due to light in the violet region of the spectrum. 
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Introduction 


It was demonstrated (Wickson and Thimann 1958) that the inhibition of 
bud development by auxin, generally admitted to be a major factor in apical 
dominance, can be studied with isolated stem segments bearing a single bud. 
It was shown that the bud is inhibited by physiological concentrations of 
indole acetic acid and that the inhibition can be relieved by kinetin. 

The purpose of the present work was to relate the quantity of auxin moving 
down a shoot with the inhibition of lateral buds which the auxin may bring 
about. Snow (1937) has argued that bud-inhibition cannot be caused directly 
by auxin, the direction of movement of which is normally basipetal, because 
inhibition could occur only as a result of upward transport of auxin into 
the lateral bud. Snow thus assumed that auxin transport was completely 
basipetal, but this view was based on the strict polarity of transport in the 
Avena coleoptile and has not been verified experimentally with other plant 
material. 

A fresh approach to the study of auxin transport in dicotyledonous stems 
was made possible when radioactive indoleacetic acid (IAA-C1#) became 
available. lts use is open to the criticism that presence of radioactive material 
inside tissues treated with IAA-C1* may not necessarily indicate IAA, owing 
to the high lability of the auxin. This difficulty has been partly obviated by 
use of IAA labeled in the carboxyl group, which is known to be lost in the 
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first stages of enzymatic destruction (Ray 1956); furthermore, radioactivity 
has been correlated with biological activity in some of the present experi- 
ments. With this IAA-C!? a study has been made of the ability of pea stem 
tissue to transport auxin, the degree of its polarity and the influence of 
external factors on it. In addition, the entry of IAA-C!# into developing buds 
has been measured. 


Materials and Methods 


Seeds of Pisum sativum var. Alaska were soaked in tap-water for five hours, 
placed between damp paper towels for two days until the radicle was 2—3 cm. long, 
and then planted out on perforated sheets of plastic through which the radicles 
dipped into tap-water. After 7 days in the dark at 25° with occasional red light, the 
setdlings had reached a height of 15—20 cm; they had 3 extended internodes and a 
fourth about to start elongating. At this point they were ready for use. The second 
node, the lateral bud at this node, the scale-leaf in the axil of which it arises, the 
secondary bud at its base, the second internode below, and part of the third internode 
above, were used in most of the experiments. 


The IAA, labeled at high activity with C1 in the carboxyl group, had been syn- 
thesized by Dr. B. B. Stowe from labeled indoleacetonitrile obtained by reaction 
between gramine methosulphate and NaC14N. The IAA was either dissolved in water 
or made up into standard blocks of 1.5 °/o agar (9X11X1.5 mm.) at concentrations 
varying from 1 to 3 mg. per liter. The specific activity of the IAA was 5.4 uc/mg. 
and in the counting system used it yielded about 4.8X 10° c.p.m. per mg. 


Standard agar blocks (9X 11X1.5 mm.) were used in the study of auxin transport 
through 7 mm. stem sections cut from the third internode at different heights from 
the apex. Twelve sections were inserted vertically into a lucite holder with the same 
orientation as in the plants. The basal ends of the sections rested on a plain agar 
block which acted as “receiver”. A “donor” block, containing the auxin, was laid 
down over the upper cut surfaces. The transport was allowed to proceed for 1 to 3 
hours, after which each block was transferred to an aluminum planchette, crushed 
and spread uniformly over the surface of the planchette with two drops of water. 
The planchette was warmed until the agar had dried to a very thin film over the 
bottom, and the radioactivity was determined by means of a gas-flow windowless 
proportional counter. The result was corrected for background radiation and (by 
means of a calibration curve) for absorption of radioactivity by the agar. 


To determine activity in the plant material, the used sections were dried at 80°C, 
ground to powder in a small glass vial in chloroform, and the powder spread 
uniformly over the bottom of the planchette and dried. After correction for back- 
ground, the data were further corrected for absorption of radioactivity in the plant 
tissue with a calibration curve, constructed by determining the radioactivity of 
identical drops of IAA-C! solution mixed with stem tissue fragments varying in 
weight from 2 to 15 mg, and dried and powdered in the same way. 

In another type of experiment, which comprises the larger part of the work 
described herein, the conditions previously used for following the growth of buds in 
solution were duplicated. The 35-mm. sections containing the second node and 
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Figure 1. Sketch of pea seedling at age used, showing location of section and method of 
culture. 


internode were cut as shown in Figure 1. Ten of these were placed in petri dishes 
in a shallow layer of solution so that the sections broke surface, the bud being out 
of the solution. The solution contained 1.5 °/o sucrose plus IAA-C!4, generally at a 
concentration of 3 mg. per liter. After 24 hours (unless otherwise stated) the sections 
were removed, carefully washed and cut into five 7-mm. portions numbered 1 to 5 
from the nodal end downward, as for the nitrogen determinations previously des- 
cribed (Thimann and Laloraya 1960). Corresponding portions from 10 similar 
sections were pooled and their radioactivity determined as above. The white light 
used was a combination of incandescent and fluorescent with a total intensity of 
1200 foot-candles. 


Results 
A. Auxin transport in pea stem tissue 


Agar blocks containing 1 mg. per liter IAA-C!# were applied to the upper surface 
of 7-mm. sections cut from the base of the third internode, i.e. immediately above 
the second node. After 3 hours the sections were cut into 3 equal pieces and corres- 
ponding pieces from 36 sections were pooled and treated together. The experiment 
was repeated with sections cut immediately above the former ones and with a third 
-group cut just below the terminal bud. 


Table‘1. Recovery of radioactivity in donor and receiver blocks and in three zones of the 
section after 3 hours’ transport :of IAA-C!4 through 7 mm sections of the third internode. 
Original radioactivity in donor block=814. c.p.m. 


EEE Eel 
n G 


Section of 3rd internode used 
| Activity 

Bottom Middle Top 

Residual activity in donor block....................- 212 233 198 

‚Activity in upper third of section .................. 34 34.5 35 

& "u middier „=, ER ee ee 7.5 13.5 19 

> “lower Quart, Rat. 4.5 7 24 

er ss receiver block.,=..; "................. 5 8 34 

a DE RO RO Te 263 296 308 
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Table 1 shows that most of the labeled IAA disappeared during the experi- 
ment: of the radioactivity initially present in the donor blocks not more than 
37 %o was recovered after 3 hours. The rest was doubtless lost by decar- 
boxylation. The observed loss of IAA-C'# confirms the numerous observations 
made in the past on the inactivation of IAA when it comes into contact with 
cut surfaces (e.g. Briggs et al. 1955 a and b). Andreae and Good (1955) and 
Andreae and van Ysselstein (1956) have shown further that pea stems 
convert applied IAA very effectively to indoleacetylaspartic acid; this peptide 
is still active on Avena, but is unlikely to be transported at the same rate as 
free IAA. 

The chief conclusion to be drawn from Table 1 is that the ability of pea 
stems to conduct IAA-C!? decreases with increasing maturity of the tissue; in 
all three cases about the same number of c.p.m. left the donor block, but the 
amount penetrating into the lowest part of the tissue and entering the 
receivers was much greater in the youngest than in the oldest sections. 


That the C-material transported is indeed biologically active was con- 
firmed by carrying out a similar experiment and testing half of the receiver 
blocks for their radioactivity and the remainder for biological activity in the 
Avena curvature test. An activity of 8 c.p.m. was correlated with Avena cur- 
vature of 13°. Since 8 c.p.m. in the 10 mm block would correspond to a 
concentration of 16 g/liter which would be expected to give a curvature of 
from 5° to 10°, this biological activity is of the order expected. If the material 
transported had been contaminated with biologically inactive isotope, the 
curvature produced per unit C1* would have been less than in the initial IAA. 
It is concluded that the C!# in the receiving blocks has the full biological 
activity of IAA and indeed is most probably IAA. 


B. Uptake of IAA-C' from solution by the sections 


Stem-sections 35 mm. long as in Figure 1 were placed so as to break 
surface in ITAA-C!? solution containing 1 °/o sucrose. The rate of accumulation 
of radioactivity in the tissue was followed for 96 hours in continuous light, 
by removing sections at intervals for assay. Figure 2 shows the radioactivity 
of the five successive 7-mm. stem sections (solid lines). The radioactivity is 
seen to decrease gradually from the first to the fourth section and then to 
increase sharply in the most basal zone. This gradient of activity remained 
approximately constant inside the section from the beginning of the experi- 
ment to the end. By that time much of the IAA had doubtless been converted 
to indoleacetylaspartic acid (Andreae et al. 1955, 1956). It is evident that IAA 
entered at both cut ends of the section but was transported away mainly from 
Physiol. Plant., 13, 1960 


THE TRANSPORT OF IAA IN PEA STEMS 543 


0 5 10 15 20 40 60 80 100 


Figure 2. Content of radioactive isotope (CPM per mg. dry weight) in different 7-mm. zones 

of the section (numbered from the apical end), and in the buds (dashed line). Treatment 

as in Figure 1; experiment in sucrose 1 °/o in continuous light. Times are measured from 
time of placing of sections in IAA-C!4 3 mg. per liter. 


the apical end. This is in accordance with what is known of the pre- 
dominantly polar nature of auxin transport in legume stems. Jacobs (1950) 
found auxin transport to be largely polar at the top of the bean hypocotyl, 
but less so at its base, the fraction transported being less than 1 °/o. Dijkman 
earlier (1934) obtained less diffusible auxin from the lowest 7-mm. sections 
of Lupinus hypocotyls than from the uppermost section, just as in Table 1; 
in her experiments applied auxin moved only in a polar fashion in both 
hypocotyl and epicotyl. 

In Figure 2 the dashed line shows the C!* content of the buds (plus the 
scale-leaves). The level of isotope remained nearly constant for the first 9 
hours, then at the 12th hour some slight increase was detected and by 48 
hours the level of activity in the bud had reached the same order as that of 
the adjacent stem. Apparently, therefore, entry of IAA-C!* into the bud was 
at first delayed but later took place at a rate comparable to that in the stem. 
To determine whether the-activity might be only in the scale-leaf and not in 
the bud tissue proper, 100 sections of the second node and internode were 
placed as before in IAA-C!* 3 mg. per liter, (the buds being out of solution as 
usual), and after 24 hours the scale-leaves were carefully dissected away 
from the lateral buds; the buds were pooled and their radioactivity deter- 
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Table 2. Influence of kinetin at 6 mg. per liter, on entry of IAA-C into the tissue and buds 
of sections treated with IAA-C!* at 3 mg. per liter for 24 hours. 


EEE 


| CPM/mg. CPM/mg. in buds 
P Conditioh¢ sus be a 
7mm. of a btolate As if G that 
section in stem 
| Light 
H MATAA SSR eee 223 60 27 
IAA + kinetin 220 35 16 
Dark 
AA Fees 347 41 12 
IAA + kinetin 186 53 . 28 


mined, together with that of the first 7 mm. of 3 groups of sections. The 
results were as follows: 


TISSUE CPM DRY WT.IN MG. CPM/MG. 
US EE ECC des 84.3 2.8 30.1 
Connor mobus 3544 13.6 261 


Thus there is significant radioactivity in the buds, although at 24 hours it 
has as yet reached only 12 °/o of the level present in the stem. It will be noted 
that, in Table 2 above, the level in the buds at the same time, as percent of 
that in the stem, averaged almost 20 °/o. 

In Figure 2 the relative distribution of isotope in the five zones does not 
change during the 96 hours of the experiment, i.e., exposure to IAA does 
not of itself alter the general pattern of transport. The same conclusion may 
be drawn from Figure 3, in which the sections were first kept for 5 days in 


Table 3. Total 1AA-C" entering 35 mm. stem sections of Alaska and Meteor (dwarf) pea 
stem (as Figure 1) in light, and its distribution in the terminal 7 mm. zones, after immersion 
of one or both ends in the solution. 


h End Total % of radioactivity in 
Strain Lenstbunt immersed CPM in end portions 
of pea experiment : 14 ‘ 

in IAA-C Section : 
Apical | Basal 
Alaska vic cscs sens 3 hrs. Both 601 20 32 
Apical 321 37 3 

Basal 283 4 37 

24 hrs. Both 15690 17 33 

| Apical 9240 31 10 

Basal 8760 1 58 

Dwarkan an 24 hrs. Both 16380 25 45 
Apical 10500 42 12 

| Basal 11140 1 84 


Physiol. Plant., 13, 1960 


THE TRANSPORT OF IAA IN PEA STEMS 545 


CPM 
300 


275 
250 
225 


200 
Figure 3. Content of radioactive isotope (CPM 


per mg. dry weight) in 7-mm. zones of 35-mm. 175 
sections grown for 5 days in sucrose and light 
with or without IAA at 3 mg. per liter, then 150 
placed for 24 hours in IAA-C! (also 3 mg. per 
liter) in light. Upper curve (open circles), 
sections kept in IAA; lower (filled circles), 
controls in sucrose alone. 


125 


2 1 2 € 4 5 ZONE 


sucrose and light, with or without IAA, and then exposed for 24 hours to the 
IAA-C!* solution under the same conditions as in Figure 2. Entry at both 
apex and base, with transport from the apex, is clearly indicated. Pre- 
exposure to IAA does facilitate the uptake somewhat, but the pattern remains 
the same. 


C. Polar transport of IAA-C!! 


In order to assess the amount of transport occurring in the inverse direction 
the IAA-C!* was allowed to enter the stem sections through one cut end at a 
time. In these experiments, 35-mm. sections were supported on horizontal 
glass rods so as to keep one or the other end out of the IAA-C!*-sucrose 
solution. After 3 or 24 hours in the light, the sections were washed, divided 
into 7 mm. zones and assayed as before. The results are presented in Table 3, 
along with similar data on sections from Meteor, a dwarf pea variety. They 
show that uptake of IAA was approximately equal, whether the apical or the 
basal end of the section was immersed in the solution. Further, the 24 hour 
results indicate that when IAA was applied to the apical end appreciable 
amounts reached the base but not vice versa. Counts for all the zones of the 
Alaska sections are shown in Figure 4. The general polarity is clear enough, 
but with the basal zone immersed some 20 °/o of the activity was found in 
zone 3, so that the polarity is far from strict. If we assume that the “true” 
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CPM 
20 


15 


10 


Figure 4. Content of isotope (CPM per mg. dry 
weight) in 7-mm. zones after 3 hours in IAA- 
C!4 at 3 mg. per liter in light. Filled circles, apex 
immersed; open circles, base immersed; crosses, 
both ends immersed. 


transport is polar, and that acropetal movement is by diffusion, then it must 
be concluded that diffusion proceeds at a rate almost comparable with that 
of the polar re-export. 


D. External factors influencing the uptake and transport of IAA 


The IAA-C! uptake by pea stem sections was examined under a number 
of different experimental conditions in order to determine whether conditions 


favoring bud growth also brought about a reduced JAA-uptake, and vice 
versa. 


(1) The influence of white light. Since buds in IAA and a nutrient 
medium had been found to grow after 3 to 5 days in the light but not in 
the dark, (see Wickson and Thimann 1958), the extent to which light controls 
auxin uptake was first studied. Sections from 8-day old plants were placed in 
IAA-C'# at 3 mg. per liter plus 1.5 °/o sucrose in petri dishes, half of which were 
kept in the dark and the other half in continuous white light. After 24 hours 
the sections were subdivided, rinsed and dried and their radioactivity deter- 
mined. The results are shown in Figure 5, curves A and B. It is clear that 
the sections exposed to light (B) contained less isotope than those kept in the 
dark (A); the total c.p.m. per 10 sections were 14,470 and 22,200 respectively. 
The difference might be due to photolysis of IAA in the tissue, but pure IAA 
in solution is scarcely affected by visible light and the solutions were in glass 
dishes which should have protected them from any residual ultra-violet (the 
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CPM 
600 


450 


300 


Figure 5. Content of isotope (CPM per mg. dry 
weight) in 7-mm. zones after 24 hours in IAA- 150 
C4 3 mg. per liter in light or dark. A, dark; B, 

light; C, dark plus kinetin at 6 mg. per liter; D, 

light plus kinetin. 


light had already passed through 2 other layers of glass). Since, furthermore, 
the decrease is greatest in the apical part of the section, it appears rather that 
the light has reduced the uptake of IAA. 


It may be suggested that the reduction in content of IAA in the tissues in 
light is responsible for the eventual outgrowth of the buds in low IAA con- 
centrations (the “breakaway”), which occurs much more strongly in light 
than in dark. 

(2) The influence of kinetin. — The uptake of isotope by sections given 
3 mg. per liter IAA-C# with or without 6 mg. per liter kinetin for 24 hours 
in the dark is shown in curves C and A of Figure 5. Curves D and B show a 
similar experiment performed in the light. There is a striking decrease in 
conterit of isotope in the presence of kinetin, both in the light and in the 
dark. However, in the crucially important apical zone (to which the bud is 
attached) the decrease in isotope content caused by kinetin is at its smallest, 
and in the light experiments B and D, indeed, the isotope content in this 
zone is unaffected by kinetin. Whether kinetin decreases auxin uptake in the 
dark or interferes with its transport cannot be deduced from these results. 

In the next experiment, therefore, 35 mm. sections were taken from plants 
which had received 3 days of red light beforehand; such sections have been 
found to transport IAA very poorly and could therefore be used to determine 
whether kinetin affected directly the uptake of IAA, with a minimum of 
complication due to differences in transport. The sections were dipped 
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CPM 
300 


229 


Figure 6. Content of isotope (CPM per mg. dry 
weight) in 7-mm. zones of sections cut from 
plants previously held 3 days in red light to 
reduce subsequent auxin transport, after 24 
hours with only the ends in IAA-C! at 3 mg. 
per liter in light, with or without kinetin 6 mg. 
per liter. A, apical end immersed in the IAA- 
C!4; A+K, same plus kinetin: B, basal end 
immersed; B+K, same plus kinetin. 


150 


75 


vertically, either apex or base downwards, into solutions of IAA-C'# with 
or without kinetin, and left in the light for 24 hours. Under these conditions 
a small but real decrease in the radioactive content of zone 1 was noticed in 
sections with the apical end immersed (see Figure 6). No other significant 
differences between the kinetin-treated and the control sections appeared, and 
the amount transported was in all cases very small. It seems that the process 
of uptake itself was somewhat inhibited by kinetin. 


It is important to note that isotope enters the buds whether kinetin is 
present or not in the ambient medium. This is shown in Table 2. Here stem- 
sections were immersed in IAA-C'# plus or minus kinetin, and the radio- 
activities of the apical zone and of its attached bud were determined. The 
differences in the radioactivities of the buds were probably not significant. 


(3) The effect of decapitation. — When pea shoots are decapitated the 
uppermost lateral bud grows out owing to the removal of the inhibiting effect 
of the apex. It seemed worth while to see whether plants which had been 
decapitated for some time differed from intact ones in their ability to take 
up IAA. This experiment was performed with plants grown in complete 
darkness, so as to minimize transport, and was carried out in the dark. Two 
lots of 30 sections each were cut from intact plants 8 days old and left in 
3 mg. per liter IAA-C'#, with or without kinetin, for 24 hours in the dark. 
Comparison between curves A and A+K in Figure 7 shows that in the 


presence of kinetin the radioactive content of the sections is greatly decreased, 
. as in Figure 5. 
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CPM 
400 


Figure 7. Uptake of IAA-C! (CPM per zone) by 
sections taken from intact or decapitated plants 
of the same age. Same medium as Figure 4. A, 
no kinetin, plants 8 days old; A+K, kinetin 6 
mg. per liter, plants 8 days old. B, sections cut 200 
from intact plants 11 days old; C, sections cut 
from decapitated plants 11 days old (decapitated 
at 8 days) treated with IAA in lanoline for 3 
days; D, sections cut from untreated decapitated 
plants 11 days old (decapitated at 8 days). 
Uptake period: 24 hours in dark. 


300 


100 


1 2 3 4 5 ZONE 


A further 60 plants were decapitated and cold IAA in lanolin paste was 
smeared on the cut surface of 30 of them; 30 other plants were left intact 
and all 90 were kept in the dark: for a further three days. Then sections of the 
second node and internode were cut from all 90 plants and were placed in 
3 mg. per liter ITAA-C!? for 24 hours in the usual way. Comparison of A with 
B (Figure 6) shows that the sections from 11-day plants take up much less 
isotope than those from 8-day plants. Previous decapitation (curve D) causes 
a decrease in content of isotope; since this decrease is seen uniformly in all 
sections it is probably due to an effect on IAA uptake rather than on its trans- 
port. The decrease was partially reduced by treating the cut surface with 
IAA in lanolin (curve C). 

It has been shown both here and in Figure 5 that kinetin reduces the 
content of isotope; thus two different conditions which would bring about 
bud growth, i.e. addition of kinetin to the medium. and decapitation of the 
shoot, both reduce the ability of the sections to take up JAA and transport it. 
The demonstration that kinetin has this effect raises the question as to 
whether this could explain its action in antagonizing bud inhibition by auxins. 
While this may well be a contributing factor, it will be shown in a subsequent 
paper that kinetin actively promotes the growth of the buds under some 
conditions, and it was shown in part I that kinetin strongly promotes bud 
growth in the dark. The relatively passive effect of interfering with auxin 
uptake is inadequate to account for these promotions, which occur in the 
absence of exogenous auxin. However, positive conclusions as to either the 
mechanism, or the site, of the action of kinetin cannot yet be drawn. 
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E. Transport of TAA-C!* into buds and its significance for 
growth and inhibition 


Sections from the second node and internode of 8-day old plants were 
placed horizontally, breaking surface (Figure 1) for 24 hours in 1.5 °/o sucrose 
plus IAA-C! in the light. The change in radioactivity in the bud and adjacent 
node with changing external concentration of IAA-C'# is shown in Table 4. 
The relationship is roughly linear, the average C!* content of the bud being 
about one sixth of that in the adjacent zone of stem (cf. Figure 2, where the 
ratio is somewhat smaller). 


Since it would be difficult to study the distribution of IAA in the tissue of totally- 
inhibited buds less than 1 mm. long, the buds were allowed to grow until they had 
reached several mm. in length and then inhibition was reestablished by treating the 
sections with IAA. Thus 120 plants 8 days old were decapitated and the buds allowed 
to grow for 3 days; sections 35 mm. long were cut as usual from just above the 
second node downward and the length of the lateral bud was measured. The sections 
were placed for 3 days in IAA-C!? at O, 4, 6 or 8 mg. per liter, the bud itself being 
outside the solution. The length of the buds was again measured and the radioactivity 
of the following parts determined: 


) 7-mm. section of stem at node 

) scale-leaf and secondary lateral bud 
) basal mm. of main lateral bud 
) 
) 


ao TD 


second basal mm. of lateral bud 
remainder of lateral bud. 


o 


Table 5 shows that the gradient of radioactivity at the base of the bud is 
quite steep, and only a small proportion penetrated beyond the first 2 mm. 
This may well account for the relatively high external IAA concentrations 
needed to inhibit. The ratio of radioactivity in the bud to that in the stem 
after 3 days is somewhat higher than that found after 24 hours in Table 4. 
It seems, however, that as the bud elongates, it develops a resistance to the 


Table 4. Distribution of radioactivity in bud and in adjacent stem-tissue after semi-immersion 
of 35 mm. stem sections in 1.5 °/o sucrose plus IAA-C% for 24 hours. Sections taken from 
8-day-old intact plants. 


IAA concn. in | CPM/mg. dry wt. of tissue 
mg./liter de Bud 
1 134 14 
1.5 246 43 
2 331 59 
3 445 81 
4 823 | 110 
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Table 5. Distribution of radioactivity in 4 zones of the bud at second node and in adjacent 
stem tissue after treatment in 1.5 °/o sucrose plus IAA-C# from 8rd to 6th day after 


decapitation. 
ee SES 
IAA concn. Growth of Percent CPM/mg. dry wt. of tissue 
in mg/liter buds in mm. inhibition 
ARS 
0 6.2 = = = | = = == 
4 4.2 32 535 70 54 35 17 
6 1.9 69 840 | 110 110 68 38 
8 1.3 79 1540 | 405 173 89 37 


penetration of exogenous IAA, especially at the junction of the stem and bud, 
for columns a) and c) in Table 5 are in the average ratio 9 :1. In the bud 
itself the gradient is less steep and columns c) and d), or d) and e), are in the 
ratio 2:1. 

The experiment was repeated with shorter exposure to IAA, the sections 
being left in IAA-C** 6 mg. per liter for 24 or 48 hours only, and with 9 mg. 
per liter for 24 hours. These buds had an initial length of 7.7 mm. and were 
divided into four zones of about 2 mm. each for counting. The results, in 
Table 6, show that in all cases, after the first steep fall in the basal 2 mm., 
the radioactivity is fairly evenly distributed and a ratio not far from 1:1 
persists over the rest of the bud. 

In order to bring together the data in Tables 5 and 6 the total radioactivity 
present in the tissue of each bud was calculated, and compared with the 
percentage inhibition of that bud. The results are showns in Figure 8. There is 
linear proportionality from 20 °/o to 80 °/o inhibition of bud elongation. This 
result is very strong evidence that the radioactive material in the bud is 


Table 6. Distribution of radioactivity in four zones of bud at second node and. in adjacent 
stem tissue after treating sections with IAA-C% for 24 or 48 hours. Plants decapitated 3 days 
before experiment; length of buds at start 7.7 mm. 


Radioactivity, CPM/mg. dry wt. of tissue, in 


Length 
IAA Conen. | of bud en Lateral bud, at distance from 
mg. per l. after ar Adjacent base in mm. 
: St Er 
24 hrs | em Fa en 3: ca 
I 
0 9.9 en = _ = = = 
6 La 
(24 hrs) 9.4 23 5915 51 17 16 14 
9 
(24 hrs) 9.0 60 8190 72 38 39 32 | 
6 
(48 hrs) = 40 — 105 40 20 19 | 
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Figure 8. Correlation between total 
radioactivity present in lateral bud 
20 (CPM) and degree of inhibition of 
growth (/o), after treatment in IAA- 
C14 at different concentrations and for 
different times. 
200 400 600 600 CPM 


active in inhibiting growth. Since the line shows no breaks the material is 
evidently homogeneous, and the fact that the line passes through the origin 
suggests that all the radioactive material is inhibitory. While it is, of course, 
possible that the amount of inactive material is proportional to that which 
is biologically active, it seems much more probable that the radioactive 
material inside the bud is IAA itself. 


Discussion 


Two types of difficulty have arisen in the past in attempts to explain the 
role of auxin in apical dominance. The first is of a technical nature, arising 
from the fact that IAA applied to the stem encounters difficulties in reaching 
the bud to be inhibited. The present observations show that such obstacles 
include a high rate of inactivation of IAA by cut tissues, and variable trans- 
porting abilities of stem tissue. These traits, demonstrated in Table 1 and in 
Figures 2 through 6, account for the high concentration of IAA that must 
often be applied in order for buds to be inhibited artificially. Secondly, the 
apical dominance of a plant is greatly modified by its “vigor”, as has been 
shown in Gingko (Gunckel et al. 1949), flax (Gregory and Veale 1957) and the 
pea (Brian et al. 1959). This influence may be reflected in the present work 
in the variability in amount of auxin conducted under different external 


conditions, since whenever conditions favored bud growth, less IAA was 
taken up than at other times. 
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A factor of special interest is the effect of light. It has been pointed out 
elsewhere (Thimann 1959) that apical dominance as described in the 
literature is nearly always much less marked in bright light than in weak 
light or darkness. Correspondingly the outgrowth of buds in our present 
and earlier experiments is greatly favored by light. There are probably two 
causes for this phenomenon, which act in the same direction. First is the 
great decrease in IAA uptake and transport caused by prolonged exposure 
to light (Figure 4 and Table 3). Second is the probability, already suggested 
(Thimann and Wickson 1958), that the formation of kinetin in the tissue is 
promoted by light. 

It has been demonstrated above that the movement of auxin is not strictly 
basipetal in the pea seedling, although it is largely so. Acropetal movement 
occurs both in stem tissues and in young lateral buds, and indeed the inhibition 
of growing buds when the stem is treated with IAA-C is directly pro- 
portional to their content of radioactivity. These observations make it hard 
to resist the conclusion that IAA secreted by the apex, transported down the 
stem and up into lateral buds, is a prime causal factor in the maintenance 
of apical dominance. 


Summary 


1. The transport of IAA-C' has been studied in excised sections of pea 
stems. Although the fraction transported is small, the TAA-C!? was found to 
retain its biological activity after passage through the tissue. 

2. Sections cut from just below the apex transported more IAA-C* in a 
three-hour period than did older sections cut lower down the stem. 

3. Sections placed in shallow layers of IAA-C* solution (so as to break 
surface) translocated the auxin largely, though not exclusively, in a basipetal 
direction, and acropetal movement occurred both in the stem tissue and in 
lateral buds. 

4. The radioactivity in the tissue could be reduced (a) by exposure to light, 
(b) by simultaneous treatment with kinetin, or (c) by decapitation of the 
plants some days before the sections were cut. All three of these conditions 
also favored bud growth. 

5. When stem sections bearing developing lateral buds were treated with 
IAA-C"4, a linear relation was found between the inhibition thus reestablished 
and the content of isotope in the bud tissue. 

6. It is concluded that IAA applied to the stem does reach the lateral 
buds and is itself responsible for their inhibition. The significance of this 
conclusion for natural apical dominance is discussed. 
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Changes in the acid growth substances in the buds during the breaking of 
winter dormancy have been described for several species of hardwoods (3, 
5, 8). The present paper shows that similar changes occur in longleaf pine 
(Pinus palustris Mill.). 


Methods 


The terminal buds of longleaf pines ca. 5 feet tall were collected in duplicate 
during 1959 on January 6, March 11, and March 30. The bud scales were removed 
and the buds chopped into small pieces and dropped into absolute methanol immed- 
iately following collection. The samples were ground in a blender and put to extract 
at — 20°C. The methanol was changed twice at 24-hour intervals. 

After being filtered, the methanol was evaporated at 40°C. under a gentle stream 
of air. The aqueous residue was acidified to pH 3.5 with 0.5 N phosphoric acid and 
extracted twice with ethyl acetate and once with peroxide-free ether. The ethyl 
acetate-ether mixture was evaporated to dryness and the residue partitioned with 
acetonitrile and hexane (7). The acetronitrile was evaporated to dryness, and the 
residue picked up in ether and partitioned into the acidic and neutral fraction (6). 
Only. the results with the acidic fraction are reported here. 

. Descending chromatography was employed, with Whatman 3 MM paper and 
isopropanol : ammonia : water (8: 1:1) as the solvent. The extracts were spotted on 
the paper in equal aliquots representing equal amounts of tissue on a fresh-weight 
basis. The chromatogram strips were divided into 10 equal segments (about 3 cm. 
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square) and placed in 2-inch petri dishes. The controls were squares from a portion 
of the chromatogram that was in the solvent but which the extracts did not pass over. 

Three ml. of phosphate-citrate buffer, pH 5.4, were put into each petri dish. 
The chromatogram sections were bioassayed with slash pine (P. elliottii Engelm.) 
hypocotyl sections (1). Four hypocotyl sections per dish were gently agitated on a 
reciprocating shaker for 24 hours before the sections were measured. All manipula- 
tions with the hypocotyl sections were in the dark or under a red safe-light. Length 
of the hypocotyl sections were measured at 7 magnifications on a small ampli- 
scope (4). 

Analysis of variance showed a highly significant difference attributable to sampling 
date, a highly significant difference due to chromatogram position, and a significant 
date X position interaction that was due to the increase in growth promotion and a 
decrease in inhibition as dormancy was broken. The difference between the duplicate 
samples (with date-of-collection effect excluded) was not significant — an indication 
that the extraction procedures were uniform. 


Results and Discussion 


Demonstrable growth-promoting activity was present in the buds of the 
January collection, especially in the area where indoleacetic acid travels in 
the isopropanol: ammonia: water solvent (Figure 1). This promoter (Pro- 


PROMOTER 
2 


MARCH 30, 1959 


PROMOTER 
3 


MARCH II, 1959 


GROWTH IN PERCENT OF CONTROL 


JANUARY 6,1959 


Figure 1. Growth of slash pine hypoco- 
tyl sections on pine extract chromato- 
graphed in isopropanol: ammonia: 
water. Results are expressed as percent 
of control with control being 100 
percent. 
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Figure 2. Changes in growth-promoting and inhibiting substances with elongation of 
terminal buds of longleaf pine. Collections were made in 1959 on January 6, March 11, 


n 
and March 30. Left-hand ordinate is in relative units; i.e., Y inhibitor=100 © 1—X, where 


m 
X <1, and Y promoter=100 2 x—1, where X ZI. n+m=10 Rf locations on chromatogram 
for given date. x =elongation of hypocotyl sections subjected to chromatographed extract 
at each Rf location/elongation of control sections. 


moter 2) has many of the characteristics of indoleacetic acid (1). The inhibi- 
tors in the extracts of the January collection were primarily those that had 
high Rf values. The greatest inhibition was at the Rf where inhibitor-ß (2) 
is found. 

By March 11 the level of growth-promoting substances in the buds had 
increased markedly. The biggest change was in Promoter 2. A substance 
(Promoter 3) not apparent in the earlier collections also appeared at Rf 0.70 
—0.80. Promoter 3 appeared to be insignificant in this study, but a promoter 
in pine has been demonstrated at the same position on the chromatogram. 
with this solvent (1). It is probable that more of this substance was present 
than indicated by the bioassay, but that its effect was masked by the in- 
hibitors. Promoter 1, which was not apparent in the January extract, ap- 
peared at Rf 0.10—0.20 in the March 11 and March 30 extracts. 

The increase in Promotor 2 between January and March apparently is a 
true one, and not a result of the disappearance of an inhibitor traveling at 
the same Rf. At least, when this promoter was cut from two-dimension 
chromatograms (isopropanol : ammonia : water and isobutanol : methanol : 
water (7) solvents) the assay of the January collection showed a 37-percent 
increase over controls, while the March 30 extracts caused a 70-percent in- 
crease in growth over the controls. 

A striking decrease in inhibitors occurred between the January 6 and March 
11 extracts, primarily in the area where inhibitor-B was found. 
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Although the buds were lengthening faster on March 30 than on March 
11, there was virtually no difference in the total amount of promoting sub- 
stances in the extracts as measured by the bioassy (Figure 2). In contrast, 
the lowest level of inhibitory substances measured occurred in the period 
of most rapid elongation. 

These results with pine agree very closely with those of Hemberg (5) with 
Fraxinus. It is apparent that acid inhibitors, particularly the one at Rf 0.60 
—0.70, are closely correlated with the regulation of the rest period. Promoter 
2 is also associated with changes during breaking of the rest period. 


Summary 


An investigation was made of changes in the ether-soluble, acid growth 
substances during the breaking of winter dormancy of terminal buds of long- 
leaf pine saplings. The greatest changes were an increase in the amount of 
the promoter which chromatographs similarly to indoleacetic acid in iso- 
propanol : ammonia : water and the decrease of an inhibitor which chroma- 
tographs similarly to inhibitor-ß of Bennet-Clark and Kefford (2) in the same 
solvent. 

The results show that the acid growth promoters and inhibitors regulate 
the winter rest period of longleaf pine buds or are closely correlated with the 
regulation of the rest period. 


The author is indebted to Dr. A. W. Naylor. Duke University, for his critical 
review of the manuscript. 
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In a previous investigation (Goks@yr 1958), the respiration of growing 
surface culture mycelium of M. lacrymans was studied. Such mycelium is 
not, however, much suited for detailed physiological and biochemical work, 
since the aerial hyphae are very sensitive towards handling. 

The fungus can be grown submerged as a shake culture, as shown for a 


number of Basidiomycetes by Jennison (1948) and Jennison et al. (1955). 
The present report deals with the respiration of such shake culture mycelium, 
and in particular with studies on the endogenous respiration and the respira- 
tion with glucose added. 


Material and Methods 


As fungal strain has been used the Cartwright strain of M. lacrymans from Centraal- 
bureau voor Schimmelcultures, Baarn, Holland. The stock cultures have been maintained 
on malt agar. For passage to shake cultures, the fungus was first grown on the 
surface of a liquid medium. This culture was then homogenized in a Waring blendor 
running for half speed in about 30 sec., and used as inoculum for the shake cultures. 
Later shake cultures were normally inoculated from a previous one, homogenized in 
the same manner as above. Mycelium used in experiments had always passed 
through at least two shake culture growth periods. 

For the shake cultures were used 500 ml. erlenmeyer flasks with 200 ml. nutrient 
medium. The flasks were covered with aluminium foil and placed on a pendulum 
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type reciprocal shaking machine with about 100 complete cycles per minute. The 
temperature during growth was 22°C, and the growth period was 7 days. 


The composition of the nutrient medium was as follows: 


Glucosemerr 1 20 g. 
Peptone ...... 5 g. 
REPOS sc aes ere 
MgSO, - 7H,0 15 g. 
Thiaminews.- el aes 


Tap water to 1000 ml. 


In order to secure an abundant growth of mycelium, a large inoculum has been 
used, and no washing of the inoculum after homogenization. It should be stated 
that little is known about the vitality of the inoculum, but it must be assumed to 
consist to a great extent of disrupted and dead hyphae. The volume of the inoculum, 
and thus of old culture solution transferred, was normally 10 ml., or 5°/o of the 
culture volume. 

At the end of the growth period, pH had fallen to about 3. The mycelial suspension 
was filtered through a folded paper filter and washed several times with a mixture 
of 0.01 M KCl and 0.01 M MgCL. It was then resuspended in the same solution to 
a suitable density, and either used directly for respiratory studies or starved by 
being placed on the shaking machine for a suitable period of time. No precautions 
against contamination were taken during filtration and starvation, but routinely 
infection tests were made by transferring 1 ml. aliquots of the starved suspensions 
to malt agar and peptone-meat extract agar and incubate for 48 hours at 30°C. At 
this temperature M. lacrymans does not grow, while most contaminating organisms 
do, and they are thus easily observed. In no case was there found a contamination 
so servere that it could account for a measurable quantity of the respiring products 
determined. 

Dry weight of the mycelium was determined by pipetting out an aliquot on a 
previously weighed filter paper, wash with distilled water, dry at 100°C and weigh. 

Respiration has been determined either by Warburg technique, by gas analysis 
or, in the experiments with ‘4C-labelled glucose, by the weight of the evolved carbon 
dioxide precipitated as barium carbonate. 

For buffering of the mycelial suspensions nas been used phosphoric acid and 
phosphate mixtures, to a final concentration of 0.05 M. 

Glucose has been determined colorimetrically by the Nelson method, nitrogen by 
the Kjeldahl method, ammonia plus amide nitrogen by distillation with strong alkali. 
The separation between soluble and nonsoluble fractions of the mycelium (as 
regards nitrogenous compounds) has been made by adding ethanol to the suspension 
to a concentration of 70°/o v/v, filter, and wash with ethanol of the same concen- 
tration. The extract was evaporated in vacuo and made up to a known volume. For 
starved suspensions, the pH was brought back to that at the beginning of the 
starvation, by titration with standard hydrochloric acid before the extraction. In 
this manner the “acidity loss” during starvation was also determined. 

For separation of ammonia and amide nitrogen, 25 ml. of the extract was put on 
a 15 cm. column of Dowex 50 ion exchange resin, ground to 80 mesh, in sodium 
form. The column was eluted with 50 ml. citrate buffer, pH 4.5 0.05 M. The amides 
(plus the acid and neutral amino acids) were then completely eluted. Thereafter, 
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ammonia and the basic amino acids were eluted with 50 ml. citrate buffer of 
pH 6.5, 0.4 M. Although the basic amino acids eluted together with ammonia may 
also liberate some ammonia during the distillation, they were present in so small 
amounts compared to ammonia, that they will not constitute a significant error. 
The system was tried with pure solutions of asparagine, glutamine and ammonium 
chloride, and found to work satisfactory. 

The presence of glucosamine in the extract was also found to be so low that it 
could be neglected as a source of error. 

Experiments with labelled glucose were carried out in an apparatus similar to 
one earlier described (Goksoyr 1955). Briefly, it consists of eight magnets rotating 
in a thermostat bath of mineral oil. Above the magnets is a plate of aluminium, on 
which eight culture flasks with side arms for aeration can be placed (ibid. fig. 11, 
with the exception that the lower parts now carry the male joint). The flasks con- 
tained 50 ml. mycelium suspension, and the labelled glucose solution was added at 
the start of the experiment. Carbon dioxide-free air passed through the flasks which 
were connected to washing bottles of the spiral type, containing 50 ml. 0.5 M 
carbonate-free sodium hydroxide. The washing bottles were replaced at regular 
time intervals, and the carbonate precipiated as barium carbonate. The barium 
carbonate was after washing mounted on Tracerlab cupped planchets according to 
the centrifugation method by means of specially designed centrifuge tubes of nylon 
(Gokseyr 1960). The radioactivity was determined by using a thin window Geiger 
tube and an ordinary scaler. Specific activity of the carbon was determined after 
correction for background and self absorbtion. 


Experimental Results 


The effect of starvation, oxygen tension and pH on the respiration 


Fresh mycelium shows only little respiratory increase when glucose is 
added. When the mycelium has been starved for 24 or 48 hours, the 
endogenous respiration has decreased considerably, and such mycelium 
shows increased respiration when glucose is added. The respiratory intensity 
does not normally, however, quite reach that of fresh mycelium. This is 
seen in Table.1, where the results from a number of experiments have been 
tabulated. These experiments have been carried out by Warburg technique. 


The mean increase in oxygen uptake rate by addition of glucose was 19 °/o 
in fresh mycelium; variations between 0 and 35 °/o being found. For myce- 
lium starved 24 hours the mean increase was 67 °/o, with variations between 
8 and 113% (or 82° and variations between 62 and 1130 if the single 
exceptionally low value of 8°/o is omitted). For mycelium starved 48 hours, 
the mean increase was 93°/o, and with variations between 67 and 112 °/0. 


A number of experiments were carried out to study the effect of pH on the 
respiration. The direct method was used for determining CO, evolution, and RQ 
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Table 1. The effect of starvation on the respiration with and without glucose (to a final 
concentration of 0.1 M). 0.05 M phosphate, pH 4.5. The experiments have lasted 11/2 hour 


ns 


JOSTEIN GOKSOYR 


before addition of glucose, and 11/2 hour after. 


Fresh mycelium Starved 24 hrs. Starved 48 hrs. 
Sx PoE RSR Endog- Glucose Endog- Glucose Endog- Glucose 
enous added enous added enous added 
%o, 9.7 | 13.1 1.6 12.3 5.3 10.2 
1 RQ 0.93 1.09 0.75 1.00 0.93 1.02 
%o, 15.5 | 19.6 6.3 111 4.2 8.9 
2 RQ 0.99 | 1.00 1.13 1.02 - 0.98 1.03 
Ro, 77 13.6 5.2 9.9 
3 RQ | 0.80 1.00 0.88 1.00 
Qo, 10.6 | 10.6 5.6 11.9 
4 RQ 1.11 1.11 0.85 1.01 
%, 11.3 | 12.6 10.0 10.8 5.4 9.5 
5 RQ 1.00 | 1.06 1.0 1.02 1.00 0.97 
20, 16.2 | 18.3 8.5 13.5 6.5 12.1 
6 RQ 0.87 | 0.90 0.77 0.86 0.95 0.86 


determined for values up to pH 6.5; for values above 5.5 a retention correction was 
applied. The correction was in this case about 25 °/o on CO, at pH 6.5, and thus make 
the RQ values at this high pH somewhat uncertain. 


Typical curves showing the respiration of fresh and starved mycelium at 
different pH values are seen in Figure 1. RQ was found to be quite 
constant (within the variations from experiment to experiment) through the 
pH region in which it was determined. It is seen from the curves that the 


mycelium has a respiratory optimum around pH 3.5 to 4.0, regardless of 
starvation and/or glucose addition. 


The next series of experiments were made with varying oxygen tension in 
the flasks, from 80 °/o and down to 0.4°/. The results with 10% oxygen 
and below are given in Table 2, and show that RQ and respiratory intensity 
do not vary significantly down to a few percent oxygen. Under more 
anaerobic conditions, the respiratory intensity drops, and there is some 
increase in RQ. Really high RQ values indicating a transfer to a fermentation 
process with carbon dioxide evolution, has never been found, and it seems 
that the capacity for such fermentations in this fungus is quite low. 


What ultimately reduces the respiratory rate is probably the diffusion rate 
of oxygen. In this connection it may be mentioned that when doing Warburg 
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Figure 1. The effect of pH on the respiration of M. 
lacrymans. The upper diagram gives the results with 
glucose added as repiratory substrate, and the lower 
diagram without any respiratory substrate added. 
Experimental conditions as for table 1. Upper curve 
in both parts: Fresh mycelium. Middle curve: Myce- 
lium starved 24 hours. Lower Curve: Mycelium starved 
48 hours. Ordinate values are respiration intensity in 
microliters per mg. mycelium dry weight and hour. 


experiments with Merulius shake culture mycelium, great care must be taken 
in not loading the flasks with too much mycelium. It was found that about 
15 mg. dry weight in 5 ml. volume was the safe maximum limit. This is very 
much less than can be used with e.g. yeast suspensions. 


Table 2. The variations of oxygen uptake and respiratory quotient with the :partical 
pressure of oxygen. Experimental conditions as for Table 1. 


PL ES, 


Conditions 10 % 0, | 4.3 % o, | 0.4 % O, 
' Q without gluc. 9.2 11.8 0.8 
ÉTÉ ee ce | O, (with gluc. 12.0 11.4 0.8 
eu a | Ro {Without gluc. 0.97 1.03 1.96 
Q with  gluc. 1.07 1.00 1.96 
Q without gluc. 7.4 5.6 1.2 
SARA enssasenerse. J O, \with gluc. 11.9 9.7 1.2 
1241 ae] without gluc. 0.67 1.04 1.31 
DE RQ with gluc. 0.95 1.00 1.31 
| Q nen gluc. 5.3 3.6 
Starved .............................. | O, \with gluc. 10.2 8.4 
Se Mons erden without gluc. 0.98 0.91 
eb | RQ bits gluc. 1.02 1.06 
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Substrates for the endogenous respiration 


In order to study the composition of the compounds broken down by 
endogenous respiration, a series of experiments were carried out in which 
the oxygen uptake, the carbon dioxide evolution and the liberation of 
ammonia (probably in part secondary bound as amide), were determined. 
For this purpose, portions of 50 ml. mycelium suspension were placed in 
1000 ml. florence flasks, which were closed with a rubber stopper with a tube 
and a stopcock for taking gas samples. Respiration was determined by gas 
analysis at the beginning and the end of the time interval. Dry weight and 
liberated ammonia plus amide were determined on aliquots of the suspen- 
sions. The results from three different experiments are seen in Table 3. In 
the table the results are given as the empirical formula for what is respired 
away, supposing that the end products are carbon dioxide and water. The 
formula is “dehydrated”, that is, the amount of oxygen it should contain has 
been subtracted as water. This has been done, since the amount of oxygen 
could only be calculated by determining the dry weight loss during the 
respiratory period, and such a determination becomes very uncertain. 


The results indicate that as starvation is going on, nitrogenous compounds 
are to a greater extent utilized as respiratory substrates, at least relatively. 
In the beginning of the starvation period on the other hand, mainly non- 
nitrogenous compounds such as carbohydrates, acids and lipides must be 
respired away. Of these compounds, lipides may be excluded, owing to the 
fact that the lipide content of the mycelium was found to be very low at 
start of the starvation; about 2 °/o of the dry weight. On the other hand, paper 
chromatography showed the presence of glucose in the mycelium suspensions 
before starvation had started. The disappearance of glucose was followed in 
a number of experiments. Normally very little glucose was left after 24 hours 
of starvation. 


In order to study the fate of the glucose (which probably is a residue from 


Table 3. The elementary composition of the respiratory substrate of M. lacrymans in 
different degrees of starvation, calculated on the basis of oxygen uptake, carbon dioxide 
evolution and ammonia plus amide formation. The formulas are “dehydrated”, cfr. the text. 


_—_—_—— OC eee eee ———— 


Experiment 0—24 hrs 24—48 hrs | 48—72 hrs 
1 C17 H7.7 NH 
2 Ci9.1 H11.6 NHa Ce.s He.2 NHa 
C2o.2 Hs.s NH2 | Ceo He. NHo 
3 C17.1 H-o.s Cis.6 Hs.s NHz | Ce. Ha.4 NHo 
C17.7 H-4.0 C13.2 H2.1 NH Ce.o Ha. NH2 | 


Physiol. Plant., 13, 1960 


STUDIES ON THE METABOLISM MERULIUS LACRYMANS II 565 


Table 4. Determination of the percentage amount of the residual glucose appearing as CO» 

during the starvation. Each value a mean of 4 parallels. The glucose had disappeared from 
the medium at 24 hours. 

zen 


Period of starvation % of the glucose as CO, 
0—12 hours 28.6 % 
12--24 hours 13.1895 | 
24—-48 hours 8.2% | 
Sum: 49.9 % | 


the nutrient glucose and was mainly found extracellular in the suspension), 
experiments with uniformely labelled glucose were carried out. The labelled 
glucose was added in so small amounts that the increase in glucose concen- 
tration was negligible. 

Results from one typical experiment are shown in Table 4. It is seen that 
when all the glucose has disappeared from the suspension, less than half of 
the carbon has appeared as carbon dioxide. The specific activity of the 
evolved carbon dioxide is decreasing when glucose has been completely 
depleted, but only gradually. This makes it difficult to correct the values in 
Table 3 for glucose respiration. 

The possibility excists that besides glucose, acids are respired away during 
the starvation period. Doubtless to some extent this will be the case, but the 
amount seems to be rather low. This is shown by the fact that the amount 
of ammonia plus amide formed during starvation accounts quite well for the 
increase in pH. This is seen in Figure 3. 

The starvation process is followed by an increase in soluble N and a 
corresponding decrease in non-soluble N. This is seen in Figure 2. In 
Figure 3 are shown the results from another experiment, where soluble N 
has been separated into ammonia plus amide N and amino N. It is seen that 
the amino N content of the extract has kept fairly constant during the star- 


100 
Yo 
60 
Figure 2. The changes in non-soluble N (cusve A) 
and soluble N (curve B) during starvation. Abscissa: 40 
Starvation time in hours. Ordinate: The percentage 


content of soluble and non-soluble N in the sus- 20 


pension. 
24 48HOURS 72 
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Figure 3. The increase in soluble N (curve A), 
amino-N (curve B), ammonia plus amide N (curve 
C), and “acidity loss” (curve D) during starvation 
of a mycelium suspension containing at start 364 
mg. mycelium dry weight. Abscissa: Starvation time 
in hours. Ordinate values millimoles N or (curve D) 
milliequivalents acid needed to bring pH back to the 
start value. : 


24 48HOURS 72 


vation, and that the increase in total soluble N which is caused by the 
starvation, and which seems to have come from the non-soluble fraction, 
occurs as ammonia and amide. 

The non-soluble N disappearing during starvation might be either protein 
or chitin. Table 5 shows how the N content of the fraction changes during 
the starvation. Since the decreasing N content from the start is higher than 
that of chitin, it can be concluded that the material disappearing must have 
a still higher N content; it must be protein. 

Some preliminary experiments were carried out in order to follow the 
changes in the amino acid pool during starvation. This was done by two- 
dimensional paper chromatography on concentrated extracts. The results 
indicate that definite changes occur during starvation, some amino acids 
as alanine and proline decrease, while other seem to increase. Of particular 
interest is the observation that glutamic acid is increasing, partly in the form 
of glutamine. 

In some experiments, the formation of ammonia and amides were there- 
fore analysed separately. The results from one experiment without, and one 
with addition of glutamic acid during the starvation period, are seen in 
Figure 4. It is seen that the amide formation is very low compared to the 
formation of ammonia, and seemingly independent of the addition of 


Table 5. The N content of the non-soluble fraction of M. lacrymans mycelium after 
different periods of starvation. 


Hours of starvation | 0 | 24 | 48 | 72 


Re re | ee 
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Figure 4. The increase in ammonia and amide N during 
starvation. Curve A shows the content of ammonia and 
curve B of amide in a mycelium suspension containing at 
start 269 mg. dry weight. Curves C (ammonia) and D 
(amide) are from an experiment with added glutamic acid 
to a final concentration of 0.01 M from the start of the 
starvation period. Mycelium dry weight 386 mg. 


24 HOURS48 


glutamic acid. The amide content has in these experiments reached a 
maximum after 24 hours, and the increase is in the period 0 to 24 hours 
about 15 °/o of the increase of ammonia. 


The endogenous respiration in the presence of glucose 


Burris (1949) has suggested for determining the rate of endogenous respiration in 
the presence of extracellular substrates, that the organism should be grown in the 
presence of a labelled C-source, and the radioactivity of the evolved CO, determined 
in the presence and absence of extra-cellular respiratory substrates. This is the 
method which has been followed by most of the later investigators in this field. 
Although the method has the advantage that it is necessary to know only the radio- 
activity and not the specific radioactivity of the evolved carbon dioxide, it does not 
differ principally from a method where the extracellular substrates are labelled. In 
either case, the intracellular substrates are labelled in relation to the extracellular. 
The choice of method must be based on the ease with which the intracellular sub- 
strates can be uniformely labelled, and ‘on the rate of endogenous respiration 
eompared with the respiration with extracellular substrates present. Thus 


Table 6. The endogenous respiration with and without addition of glucose. Mycelium 
starved 24 hours and 48 hours. Respiration given as Rcoa values. For experimental 
details, see the next. 


TE eee 


| 


Conditions Starved 24 hours Starved 48 hours | 
oe ee 
| 
Respiration interval, hours 0—2 24 4—6 0—2 2—4 | 4—6 
iration wi 19.1 11.8 ES sus 
Respiration with glucose 20 0 18.4 19 
Glucose resp. iration ......... 6.0 6.9 7.8 3.6 53 | 6.5 
ous respiration | 
ee Dre HAE Pr 14.0 11.5 11.3 8.2 Sar ort 9.2 
iration without | | 
ce AR ee 14.5 7.8 6.2 7.4 Le | 6.1 
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in. the present case, with a slowly growing organism having an endogenous 
respiration normally 50 °/o or so of the respiration with glucose present, it would 
seem most advantageous to have the extracellular substrate labelled. 


The results from a typical experiment are seen in Table 6. While the 
endogenous respiration with and without glucose during the first two hours 
is practically the same, it is later kept on that level in the presence of glucose, 
but is falling off in the absence. This seems to show that addition of glucose 
helps in maintaining the rate of endogenous respiration, probably by 
mobilizing the endogenous respiratory substrates. 


Discussion 


The results presented in this paper, are intended to give an introductory 
information on the respiratory pattern of Merulius lacrymans. They are 
considered of interest, since few respiratory studies have been performed on 
Basidiomycetes. Thus, with M. lacrymans, the only respiratory values are 
those of Zoberst (1952) and Goksoyr (1958). For surface cultures Zoberst 
found Qo. values around 3 for colorless mycelium pieces or crushed 
mycelium 4 weeks old (23°C) and around 6.2—6.5 for yellow-coloured 
mycelium in the absence of glucose, and about 5.2—6.0 for both in the 
presence. Gokseyr (1958) found that in the culture flasks, the Qo, values 
decreased as the surface cultures got older, but that may also be explained 
by a change in physical factors. Anyhow, these values are considerably lower 
than those obtained with shake-culture mycelium, although Goks@yr’s (1958) 
results indicate that high respiratory rates may occur in very young surface 
cultures. 

The results presented here point rather conclusively towards amino acids 
as a main source for endogenous respiration. The fact that this utilization of 
amino acids is followed by a proteolytic process, will make it very difficult 
to ascertain which amino acids are most easily respired. Thus, the observation 
that glutamic acid is apparently increasing in the amino pool during the 
starvation, might be explained by assuming that the proteins undergoing 
hydrolysis contain comperatively large amounts of glutamic acid. In fact, 
Götting et al. (1958) have found in M. lacrymans culture mycelium glutamic 
acid to be by far the most abundant amino acid. 

The connection in M. lacrymans between starvation, proteolysis, and 
respiration of amino acids makes it tempting to speculate a little on autolytic 
processes going on in many fungal cultures under starving conditions. In the 
present case, and for the period in which the starvation was followed (up to 


72 hours) it seems to be a rather good balance between the proteolytic and 
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respiratory rates. But it must be expected that in due time, the accumulation 
of ammonia will lead to intoxication and inhibition of the respiration. Then 
the proteolysis (and probably other autolytic processes) will proceed as a 
typical autolysis. The rapidity with which the process will reach this critical 
stage will probably depend both on the activity of the proteolytic process and 
the respiratory intensity of the mycelium. 

In this connection it should be stressed that it is not known whether it is 
structural or reserve protein that it hydrolysed during starvation in M. 
lacrymans. But the fact that a relatively large percentage of the protein can 
be attacked, makes it reasonable to believe that it is structural protein, e.g. in 
the form of single hyphae autolyzing. 

A problem which has aroused some interest, is the behaviour of the 
endogenous respiration when an external respiratory substrate is added 
(Van Niel 1943; Reiner and Kamen 1949; Blumenthal, Koffler, and Gold- 
schmidt 1951; Cochrane and Gibbs 1951; Gibbs and Wood 1952; Moses and 
Syrett 1955; Dawes and Holms 1958). Contrary to what might be expected, 
it seems most common that the endogenous respiration is maintained at the 
same level after addition of a respiratory substrate, or even that it becomes 
higher. The present observations with M. lacrymans are in accordance with 
this. The endogenous respiration is kept at a constant rate in the presence of 
glucose, while in the absence, the respiration is slowly decreasing. The most 
obvious errors in such determinations are incomplete mixing of the labelled 
glucose with the glucose reservoir, and assimilation of the labelled glucose 
and mixing of the assimilated products with the endogenous respiratory 
reservoir. Of these, the latter would give too low values for endogenous respi- 
ration. The former would give too low values for glucose respiration, but the 
effect would be most apparent at the start of the experiment, and can thus 
probably be ruled out in the present case, with experimental periods of 
6 hours. 

It would thus seem most safe in respiratory experiments with M. 
lacrymans, to subtract the endogenous respiratory rate at the moment when 
the external substrate is added, in order to obtain the respiration of the 


added substrate. 


Summary 


Respiratory studies with ‘washed shake-culture mycelium of Merulius 
lacrymans have been carried out. It was found that fresh mycelium has a 
Qo. value abaut 10 to 17 ul O2/mg. mycelium dry weight and hour at 2360 
with only a slight increase by addition of glucose. Mycelium starved 24 or 
48 hours, showed respiratory increases by addition of glucose. The respiratory 
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pH optimum was found about 3.5 to 4.0, with a rather flat curve. Under 
almost anaerobic conditions RQ increased somewhat, but values above 2 
were never found. 

The endogenous respiration was found to be to a great extent a respiration 
of amino acids, partly coming from the amino acid pool, and partly from a 
proteolytic process going on when the mycelium was starved. After addition 
of glucose, the endogenous respiration was kept on the same level as before, 
while it was slowly dropping off in the absence of glucose. 


The work has been supported by A/S Norsk Varekrigsforsikrings Fond. 
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Introduction 


A number of workers (Hemberg 1947, 1949a, 1949b, 1952, 1954, 1958a, 
1958b; Blommaert 1954, 1955; Luckwill 1952; Varga and Ferenczy 1956, 
1957; Szalai 1958) have observed that the end of dormancy in a variety of 
plant organs is correlated with the disappearance of acid growth inhibiting 
substances. On this basis the hypothesis has been proposed that these acid 
inhibitors, eventually identified with the “Inhibitor-6 Complex” of Bennet- 
Clark and Kefford (1953), are the agents controlling the duration of dor- 
mancy. However, a correlation of this nature is of limited value and unless 
the action of these substances is defined in terms of specific mechanisms 
known to be associated with the control of growth a certain amount of doubt 
may be cast on the biological significance of these inhibitors (Burton 1956; 
Housley and Taylor 1958; Buch and Smith 1959). 

Some natural inhibitors have been shown to act through the inactivation 
of sulfhydryl-requiring enzymes (Thimann and Bonner 1949; Leopold et al. 
1952; Elliot and Leopold 1953). But, growth inhibition need not be brought 
about only by inactivation of some enzymatic system concerned with substrate 
metabolism. One possibility which, according to our knowledge, has not been 
explored is the effect of native inhibitors on the mechanisms controlling the 
supply of energy that is necessary for growth. This report is concerned with 
the initial stages of an investigation on the nature of growth inhibition brought 
about by native inhibitors. Experiments will be discussed which suggest that 
at least some of the components of the “Inhibitor-B Complex” may be acting 
by uncoupling respiratory oxidations from phosphorylation reactions. 
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Methods 


Extraction of the acid growth inhibitors from the peelings of dormant “Majestic” 
potate tubers was carried out according to the method of Hemberg (1952). 

Chromatography (ascending). Chromatograms were run in isopropanol : ammonia 
(sp.gr. 0.91) : water—100 : 14:6 on Whatman No. 1 paper until the front reached 
a distance of 15 cm. from the origin. A two hour equilibration period was used. 

Bioassay of the chromatograms. Generally the methods of Hemberg (1958b) were 
used with the difference that the 1 cm. segments were eluted in 2.0 ml. of phosphate 
buffer (pH 6.2 ; 0.03 M). 

Respirometry. Oxygen uptake was determined in standard Warburg respirometers 
at 25°C and 80 oscillations per minute; the apparatus was kept in a darkroom and 
all manipulations and readings were performed under red light. The main compart- 
ment contained 1.0 ml. of phosphate buffer (pH 6.2; 0.03M), the well 0.2 ml. 10 %o 
KOH and the side arm 0.5 ml. of the appropriate additives in buffer. After equilibra- 
tion for 15 minutes the basal respiration of each sample was determined for 2 hours, 
the side arm tipped and readings continued for a further 4 hours at 30 minute 
intervals. The results were then calculated according to the method of French and 
Beevers (1953) and are based on the data during the second 2 hour period following 
tipping since by that time the rate of oxygen uptake had reached, in all cases, a 
steady level. Each flask contained 8 potato discs (about 250 mg.) or 20 coleoptile 
sections 5 mm long. 

Inorganic phosphate uptake was estimated after determining the amount of phos- 
phate remaining in the solution after a given period of incubation with the tissues. 
The following reagents were added to 1.0 ml. aliquots of the incubate: 0.5 ml. of 60 °/o 
perchloric acid, 0.6 ml. of 2.5°/o ammonium molybdate, 0.4 ml. of a solution con- 
taining 0.2 g. amidol and 4.0 g. Na,S,O, per 20 ml. water, and sufficient water to 
make the total volume 10 ml. The intensity of the developed colour was then deter- 
mined at 660 mu. 

Potato tuber discs were obtained from non-sprouted tubers, var. “Majestic”. The 
discs were 7 mm. in diameter and about 0.5 mm. thick. After cutting they were washed 
for 30 minutes in running tap water, then shaken three times with large volumes of 
distilled water and finally transferred to a petri dish with a small amount of water 
so that the discs broke surface. The discs were left in darkness (24°C) for about 
16 hours before using. Discs prepared in this way maintained a nearly constant 
rate of oxygen uptake during the 6 hour experiments. 

Coleoptile sections were obtained from Avena sativa (var. Brighton) seedlings 
when the coleoptiles were 25—30 mm. long. The seeds were first germinated in a 
moist chamber under continuous illumination from an incadescent lamp for the first 
24 hours. Then they were planted in vermiculite and grown in complete darkness at 
24°C until the plants were about 80 hours old when they were exposed to red light 
for 6 hours followed by darkness until the sections were cut. The sections were 
5 mm. long and they were cut 3 mm. below the tip. 

General. All solutions were made with phosphate buffer at pH 6.2 (0.03 M) and the 
pH of every solution was checked with a glass electrode and when necessary adjusted 
with 0.1 N KOH. For convenience the “Inhibitor-B Complex” will be refered to 
simply as “B”. In experiments in which the effect of a “concentration range of ß” 
was studied a known amount of the acid fraction was chromatographed and the 
total region of the chromatogram showing inhibition ahead of the IAA spot was 
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cut and eluted with ether, the ether evaporated off and the residue taken up in a 
known volume of phosphate buffer and from this “stock” solution dilutions were 
prepared. The concentrations were then expressed as “gram peelings/ml.”; a 


completely arbitrary unit useful only in expressing a dilution series for a given 
extract. 


Results 


The possible correlation between growth and respiratory responses of 
Avena coleoptile sections and potato tuber discs to various regions of potato 
peel ether extract chromatograms was first examined. 


The general picture that emerges is shown in Figure 1 along with four 
pure substances that are thought to be present in potato peel extracts (Figure 
1—A). Cinnamic acid and salicylic acid have been claimed to be amongst 
the components of “B” (Köves and Varga 1958; Köves 1957; Varga 1957) 
while coumarin has been included because of its common occurence in 
plant extracts (Späth 1937; Sethna and Shah 1945), IAA is used as a reference 
point. The appearance of these chromatograms under UV is also indicated 
(Figure 1—B). Regions 1 and 5 showed no fluorescence or absorption. Region 
2 was brilliantly fluorescent and coincided with the IAA spot, however, the 
intense fluorescence is probably due to scopoletin which occurs in potato 
extracts and chromatographs in the solvent used identically with IAA. Here 
it must be mentioned that the interpretation of the bioassay results in that 
region of the chromatogram is extremely complicated because IAA, scopo- 
letin, and members of “ß” are overlapping. Region 3 exhibited absorption of 
UV, that region corresponds to the position of pure cinnamic acid which also 
absorbs UV The fluorescent region 4 may indicate salicylic acid or other 
substances of similar fluorescence. If coumarin is present in that region its 
UV absorption is probably masked by the fluorescence of the other materials. 
Comparison of the growth histogram in Figure 1—C with Figures 1—A and 
—B indicates that the greatest inhibition coincides with region 3 or with the 
location of cinnamic acid and salicylic acid. The main conclusion that can be 
drawn from this type of experiment is that when the effect of equal volume 
eluates from the various regions of a chromatogram (Figure 1—B) is 
examined on the oxygen uptake of coleoptile sections (Figure 1—D) or 
potato discs (Figure 1—E) there is a very pronounced increase in respiration 
by the eluates corresponding to the region becupied by the “Inhibitor-f 
Complex”. It must be pointed out that a similar pattern emerges in other 
experiments where eluates from 1 cm segments of the chromatograms were 
tested instead of the areas as defined in Figure 1—B. 
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Figure 1. Growth and respiration assay of chromatograms from the acid ether fraction of 
potato peel extracts. 
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Location of IAA (A), Cinnamic acid (B), Salicylic acid (C), and Coumarin (D) under 
UV. (For details see text.) 

Location of unknown substances in chromatograms inspected under UV. (For details 
see text). 

Bioassay of 1 cm. segments of a chromatogram with Avena coleoptile sections. 

Effect of various areas of a chromatogram (as defined in B above) on the oxygen 
uptake of Avena coleoptile sections. Controls=100 °/o. 

As D above but with potato pith discs. 
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Once a correlation of the growth inhibiting effect of “B” with a stimulation 
of oxygen uptake was established the relationship was studied further with 
eluates from the growth inhibiting zone. 

The effect of various concentrations of “ß” on the growth and respiration 
of coleoptile sections is shown in Figure 2. Growth measurements were taken 
twice: at the end of the oxygen uptake determinations (8 hr) and at 24 hours 
(the first measurement was done under red light and then the sections 
replaced in the solutions). The results demonstrate that the increasing growth 
inhibition brought about by increasing concentrations of “ß” is associated 
with an increase in oxygen uptake. Other experiments showed that higher 
concentrations of “ß” can inhibit oxygen uptake. 

The coincidence of growth inhibition with an increase in oxygen uptake 
suggested a similarity of action of “B” with 2,4-dinitrophenol (DNP) (Bonner 
1949a and b; French and Beevers 1953). Actually the shape of the growth 
and respiration curves obtained with “B” in Figure 2 can be replicated very 
closely by using the appropriate concentration range of DNP. Therefore, in 
an attempt to find something about the mechanism of action of “ß” experi- 
ments were carried out in which the effects of DNP and “ß” were compared. 

It has been reported (Beevers 1953) that the response to DNP is greater 
in older or storage tissue, where the phosphorylating system is more likely to 
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Table 1. Maximum increase in oxygen uptake induced by DNP or “B” on discs from 
different regions of a potato tuber. 


% Oxygen uptake (Controls = 100% 
Tuber 
region DNP aye 
3X10 M 15 gm./ml. 

Pith=r.2...-. 170 160 
Cortex 5: 155 140 
Periderm 
+ Buds ... 130 120 


be limiting, than in young or actively growing tissues. This observation 
applies to the effects of “ß” as well as it is shown in Table 1 where the 
respiratory responses of three different areas of a potato tuber to DNP and 
“ß” are compared. A range of concentrations were used but in the table only 
the concentration giving the greatest response is indicated. It is clear that the 
response of the discs from the pith of the tuber is greater than the response of 
the cortical discs and particularly so of the peridermal discs containing young, 
unswollen buds. A similar parallelism in the effects of DNP “ß” in relation 
to the physiological state of tissues was also observed in the case of coleoptile 
sections. Sections from 120 hour old Avena seedlings reponded more than 
sections from 90 hour old plants. 

If the respiratory stimulations elicited by “ß” are due to an uncoupling 
effect between oxidation and phosphorylation reactions then “ß” must also 
interfere with the uptake of inorganic phosphate (Loomis and Lipman 1948). 
Table 2 shows the effect of a range of “B” concentrations on phosphate uptake 
by 30 potato pith discs after a 24 hour incubation period in the dark at 24°C. 
The discs were incubated in a total of 2.5 ml. solution of 0.001 M NasHPO, 
adjusted to pH 6.2 (the additives were dissolved in 0.001 M Na:HPO; and the 
pH adjusted to 6.2) and the phosphate determinations were based on 1.0 ml. 
aliquots. The initial amount of inorganic phosphate was, therefore, 10 milli- 


Table 2. Effect of “B”, DNP, and cinnamic acid on the uptake of inorganic phosphate (Pi) 
by potato pith discs incubated for 24 hours in the dark. 


on DNP Cinnamic acid 
gm./ml. Millimoles Pi Molar Millimoles Pi Molar Millimoles Pi 
taken up conc. taken up conc. taken up 
0 6.8 U 6.8 0 6.8 
5 4.6 1X 10-5 4.8 1x 10+ 5.3 
10 3.9 3 X 10-6 2.8 3 X 10-4 3.7 
50 2.0 1X 10-4 1.8 1X10-3 1.6 
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moles/ml. A long incubation period was necessary because of the slow rate 
of uptake by tissue slices. For comparison the results of a parallel experiment 
with DNP and cinnamic acid (see below) are included in the same table. It is 
clear that with an increasing concentration of “ß” there is an increasing inter- 
ference with the uptake of phosphate. Furthermore, the extent of inhibition 
for a tenfold increase in concentration is about the same as for DNP and 
cinnamic acid. Concurrently with the experiments on phosphate uptake the 
effect of the same concentrations of “ß”, DNP, and cinnamic acid were tested 
for their effect on oxygen uptake and in all cases the expected stimulations 
of respiration were obtained. Other experiments with coleoptile sections indi- 
cated similar trends. 

The results presented so far suggest a similarity in the effect of DNP and 
“ß” and it can be surmised that their mechanism of action may be the same. 
However, “B” is probably composed of a variety of substances whose action 
need not be qualitatively or quantitatively the same. So, before a convincing 
demonstration of the similarities of DNP and “ß” action can be claimed the 
study must be extended to pure substances that are likely components of the 
“Inhibitor-B Complex”. Here only a brief mention will be made of this type 
of work since it is hoped to publish a detailed report later on. 

According to our experience (see Figure 1—A) and information in the 
literature (Köves 1957; Varga 1957) cinnamic acid and salicylic acid are 
probable components of “ß”. Both inhibit coleoptile section growth and they 
appear to be almost equally effective under our conditions giving a 50% 
inhibition, as compared with the controls, at a concentration between 
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Figure 3. Oxygen uptake response of potato pith 
discs to a range of concentrations of cinnamic 
acid and salicylic acid. Controls=100 °/o. 
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3X10-{ M and 1X10°? M. The respiratory effects of a range of concentra- 
tions of these two substances is shown in Figure 3. Cinnamic acid brings 
about a prominent and always reproducible increase in ovygen uptake which 
compares favourably with the maximum increase induced by DNP 
(110-4 M) in the same experiment (e.g. maximum for cinnamic acid 170 0/0 
and for DNP 180 °/o). The concentration producing the maximum stimulation 
is sharply limited, a small increase in concentration produces a sudden drop 
in oxygen uptake. The similarity between cinnamic acid, DNP and “PB” is 
further shown by the results in Table 2 dealing with the interference of phos- 
phate uptake by these substances. Salicylic acid, in this particular experiment, 
appears to bring about a small stimulation of oxygen uptake but no con- 
fidence can be placed on the small values, particularly since the increase is 
not always reproducible; its effects have not been studied further as yet. 


Discussion 


The main implication of the results presented in this paper is that at least 
some of the substances associated with the “Inhibitor-B Complex” may 
bring about physiological effects similar to those postulated for DNP. 
Although the mechanism of action of DNP is still under discussion one likely 
interpretation (Hunter 1951; Anfinsen and Kielley 1954; Green and Beinert 
1955; Eliasson and Mathiesen 1956) is based on the observation that DNP 
stimulates triphosphatase activity and that it uncouples phosphorylation 
from the reactions associated with electron transfer. This effect is usually 
accompanied by an increase in oxygen uptake particularly in tissues in 
which the phosphorylative reactions are limiting. The ultimate result of these 
effects is the lowering of the readily available energy (ATP) that is required 
for the synthetic reactions associated with growth. 

The arguments in favour of. the hypothesis that “B” may act as an “un- 
coupler” can be summarized as follows: a) Growth inhibition of coleoptile 
sections induced by “B” is concurrent with an increase in oxygen uptake. 
Also, the oxygen uptake of potato discs is stimulated in a similar manner. 
Furthermore, the maximal stimulations obtained with “ß” are about the same 
as with DNP for a given tissue, b) The stimulation of oxygen uptake is 
associated with an inhibition of inorganic phosphate uptake, and c) ine 
stimulatory effects of both DNP and “ß” on oxygen uptake are most promi- 
nent in the case of tissues in which the phosphorylative system can be 
expected to be limiting. 
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Unfortunately, work with “ß” is hampered by the possibility that the sub- 
stances suspected to be present in the complex may be having interfering 
growth and respiratory effects, or it may be that growth and respiration as 
shown to be affected in our experiments may be due to different substances; 
for example, one substance may be inhibiting growth while another may be 
responsible for the stimulation in oxygen uptake. Another thing that must 
be borne in mind is that “6” may contain phenolic substances readily oxidiz- 
able by molecular oxygen with the mediation of the polyphenol oxidases in 
the tested tissues. 

Some of the above points can be answered by the following data: a) Cin- 
namic acid, which is a very likely component of “B”, has a strong inhibitory 
effect on coleoptile growth while at the same time it can stimulate oxygen 
uptake to levels comparable with DNP. The structure of cinnamic acid does 
not make it a likely substrate for polyphenol oxidase action, b) In the case 
of both “6” and cinnamic acid the interference with the uptake of inorganic 
phosphate cannot be associated with the action of polyphenol oxidase and 
c) No browning of the tissues was observed at the end of short or long term 
experiments to indicate the presence of polyphenol oxidase. 

It can be argued that growth inhibition, or the maintenance of a meriste- 
matic region in the non-growing condition during dormancy, may be brought 
about by one or a combination of the following two types of mechanisms: 
a) Blockage of any one of a great number of enzyme systems concerned with 
the breakdown of complex storage substrates and the provision of the simpler 
building blocks necessary for growth, and b) Interference with the production 
or promotion of destruction of energy rich phosphate compounds which 
must be available for the proper functioning of the variety of synthetic reac- 
tions that lead to growth. 

On the basis of the restricted data presented in this paper the growth 
inhibiting action of “6” appears to be brought about in accordance with the 
second type of mechanism. The role of “6” in the control of dormancy could 
then be outlined as follows: At the beginning of dormancy the amount of 
available energy (ATP) is kept low by a high concentration of the growth 
inhibitors; then, with the progress of dormancy and the gradual disappear- 
ance of “ß” the amount of ATP builds up and the entire metabolic system 
is released from this particular block. Of course, before growth can proceed 
other conditions and reactions associated, for example, with auxin and 
carbohydrate metabolism must be favourable; it would be Enrealshic to 
attempt to explain a complex phenomenon like dormancy only in terms ofa 


single effect. 
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Summary 


A preliminary investigation on the possible mechanism of action of the 
“Inhibitor-B Complex”, extracted from potato peels, indicates that growth 
inhibiting concentrations of “ß” stimulate oxygen uptake and interfere with 
the uptake of inorganic phosphate. Similar results were also obtained with 
cinnamic acid which is thought to be one of the components of “B”. On the 
basis of these data, and the similarities of action with 2,4-dinitrophenol, it 
is suggested that “B” may bring about its growth inhibiting effect by un- 
coupling phosphorylation from the electron transfering systems and by this 
means deprive the tissue of energy (ATP) necessary for the performance 
of the synthetic reactions associated with growth. In dormant tissues the 
presence of “6” maintains a low level of ATP, as with the progress of 
dormancy the inhibitor content is decreased ATP can accumulate and pro- 
vided all other conditions are satisfied growth may resume. 
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Council. 
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In a previous study carried out in this laboratory concerning anthocyanins 
and other flavonoid compounds in some populations of Solidago virgaurea 
it was found that mountain and lowland plants differ with regard to their 
content of some of these compounds (Björkman and Holmgren 1958). Besides 
this study no earlier investigation on the phenolic substances of the Solidago 
species is known. The present paper deals with the polyphenols which occur 
in the leaves and with the enzymes for which these compounds may serve 
as substrates. 


Materials 


Two different populations of Solidago virgaurea were used. “Finse” 
represents an alpine form from Norway, “Hallands Väderö” a coastal form 
from southern Sweden. The plants had been growing in the botanical garden 
of the institute for several years. In May 1959 six plants from each population 
were cloned and grown in a greenhouse for five months. After this time the 
plants were transferred to the phytotron (Bjérkman et al. 1959) where they 
were exposed to successively decreasing temperatures for five weeks. They 
were then kept at a low temperature in darkness till the middle of January 
when a new vegetative period was started by gradually increasing the tem- 
perature to 20° day and 10° night and the light period of the day to 18 hours. 
These conditions were maintained for the rest of the experiment. 
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I. Leaf polyphenols 
Methods 


Preparation of extracts. Several methods and solvents for preparing extracts have 
been employed but as a routine method the following was used: À weighed sample 
of fresh leaves was treated with a 1°/o sodiumhydrosulfite solution in order to 
inactivate the polyphenol oxidases. The leaves were then finely ground in a glass 
tissue homogenizer with 70 °/o ethanol. After standing for two hours at 60°C the 
homogenate was filtered. The residue was extracted several times, renewing ethanol 
each time. The combined extracts were concentrated under reduced pressure to 
about 1/20 of the original volume. The concentrate was diluted with twice its volume 
of ethanol. This extract was used for paper chromatography. — For the extraction 
of anthocyanins 1°/o aqueous hydrochloric acid was used and the process carried 
out at room temperature. 

Paper chromatography. The extracts were applied as streaks to Whatman no. 3 mm 
papers and the chromatograms were developed at 25°C using butanol-acetic acid- 
water (4: 1:5). The bands detected under ultraviolet light, with or without exposure to 
ammonia vapor, were cut out and eluted with 70 °/o ethanol (for anthocyanin bands 
hydrochloric acid) and the eluates concentrated in vacuo. 

These concentrated eluates were run on Whatman no. 1 papers at 25°C, using 
butanol-acetic acid-water (4:1:5) and m-cresol-acetic acid-water (50:2:48) as descend- 
ing developing solvents. Parallel with the test substances chlorogenic acid, caffeic 
acid, and rutin were run as controls. For the detection of spots the chromatograms 
were treated with ultraviolet light, ammonia vapor, aluminium chloride, Hoepfner’s 
reagent, and 1 M sodium hydroxide solution. 

Eluates from spots and bands obtained by repeated chromatography in the solvents 
mentioned were hydrolyzed with 2 M hydrochloric acid on a water bath for 15 
minutes. The hydrolyzates were chromatographed on Whatman no. 1 papers, using 
the m-cresol mixture and Forestal solvent (acetic acid:water:conc.HC1;30:10:3). 
Cyanidin chloride, quercetin, and caffeic acid were always run as controls. 


Results and Discussion 


Identification of spots. In Table 1 seven of the spots found in the leaf 
extracts are listed. Of these spot 6 was identified as chlorogenic acid, which 
substance proved to be the most abundant polyphenolic constituent. Spot 7 
which is the next strongest one on the chromatograms has an R; value in 
butanol indistinguishable from that of caffeic acid, and a spectrum (Figure 1) 
which also resembles that of this compound. The change in fluorescence 
when exposed to ammonia as well as its behaviour towards the Hoepfner 
reagent are, however, identical with the reactions of chlorogenic acid. After 
hydrolysis with hydrochloric acid (Table 2) caffeic acid is obtained as the 
sole fluorescent compound. Like chlorogenic acid, spot 7 forms a green-brown 
colour by the action of polyphenolase which also suggests a close relation- 
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Table 1. R, values and colour reactions. 


Spot Rg in Untreated NH, AICI, one nz NaOH 
UV Ben Se, er UV 
20. I BAW) Cres.|=V. | UV va NaOH 
DR EES —————— eee 1m TI 
1 lag: | 17h «Re jee = = fom — A 
We 33 | — R = — — | — _ — — 
3 53 53 C C C C C == — Bl 
4 63 TE DX B Gr-B x Y — — — 
5 73 .42 pY B Gr-B vy N — — — 
6 74 .26 € Bl BIG C Bl iy RV -- 
7 .86 .26 C BI BIG C Bl Y RV — 
Chlor. .74 .26 C Bl BIG C Bl Y RV — 
Caff. .86 .38 C BI BI C BI RB RB -— 
Rutin .63 .17 pY B Gr-B M à — — — | 
Table 2. R, values and colour reactions of the hydrolyzates. 
Spot Re in Untreated AIC], |Hoepf. 
ae’ Forestal | Cresol V UV HA 5 | 
1 .50 — R — — — 
2 .50 — R — — — 
3 Front .76 C fBl — = 
4 41 .20 Ni dY Di — 
5 .56 .49 YY dY Y-G _ 
6 .75 .38 C Bl BIV RB 
7 .75 .38 C BI BIV RB 
Cyanid. .50 = ER; sé raté 
Quercet. 41 .20 Y dY x — 
Caff. .75 .38 C BI BIV RB 


B=brown, Bl=blue, C=colourless, G=green, Gr=grey, R=red, V=violet, Y=vellow. 
f=faint, p=pale. Caff.=caffeic acid, Clor=chlorogenic acid. 


ship to this compound. Spot 7 is possibly identical with the iso-chlorogenic 
acid of Roberts (1956) in leaves of tea and maté and spot G found by 
the same author in tobacco leaves (Roberts and Wood 1951), though Shiroya 
et al. (1955) state instead the presence of caffeic acid in tobacco leaves. 

Two spots, 4 and 5, show reactions typical of flavonol-3-glucosides, 
giving a dull brown fluorescence which changes to bright yellow after spray- 
ing with aluminium chloride. Addition of authentic rutin to the extract before 
chromatography considerably enhanced the intensity of spot 4, and as 
hydrolysis of it yields quercetin we have identified it with rutin. Hydrolysis 
of spot 5 yields a compound which has R; values identical with those of 
kaempferol in all solvents used, thus strongly suggesting it to be a kaemp- 
ferol-3-glucoside. We have so far been unable to establish the identity of the 
sugar Tesidue. 
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Optical density 


Figure 1. Absorption curves of eluates from “spot 6” x 
(chlorogenic acid) and from “spot 7”. 


Wavelength ma 


Of the two anthocyanin spots, both of which yield cyanidin on hydrolysis, 
only spot 1 contained sufficient amounts for analysis of the sugar residue. 
Chromatography of hydrolyzates has shown the presence of a sugar with 
the characters of gentiobiose. Since the R; values of the anthocyanin also 
closely correspond to those obtained by Bate-Smith (1949) of mecocyanin 
there can be little doubt that these compounds are identical. 

Spot 3 could be detected only after treatment with sodium hydroxide, when 
it appeared with a relatively strong blue fluorescence. We are, so far, unable 
to obtain any clue to identify this spot as well as the compound obtained 
after “hydrolysis”, apart from a possible relationship to coumarins. 

In addition to the spots listed in the tables there are other fluorescent com- 
pounds, especially of low R; values, present in the extracts but in low 
quantities. Some of them may be due to artefacts as their concentrations 
have proved to be considerably higher in old extracts than in new ones. This 
is also the case when the destruction of polyphenol oxidases is incomplete. 
It was also observed that hydrolyzates containing caffeic acid and even 
pure solutions of this substance after standing for some time showed the 
presence of two other blue-fluorescent spots, probably esculetin and cis- 
caffeic acid, both. in rather large quantities. Similar results have been reported 
by Butler and Siegelman (1959). 

Quantitative variations. The most abundant phenolic constituents of the 
leaves are thus found to be chlorogenic acid, a substance closely related to 
it — here called “iso-chlorogenic acid” —-, rutin, a kaempferol-3-glucoside, 
and, in some cases, cyanidin-3-gentiobioside. The concentration of all these 
compounds seems to increase with advancing maturity. 

During the three weeks. before the plants were transferred to the phytotron 
the chlorogenic acid was at a level of ca. 0.20 and 0.25 g. per 100 g. fresh 
weight for “Finse” and “Hallands Väderö” plants, respectively. After about 
two weeks in the phytotron, the concentration had increased to ca. 0.30 and 
0.40 g. per 100 g. fresh weight, respectively. There was, however, an appreci- 
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able variation in concentration even within the same plant, old leaves con- 
taining higher amounts than younger ones. The content of “iso-chlorogenic 
acid” was about one third of that of chlorogenic acid, measured as fluor- 
escence intensities, prior to transferring the plants to the phytotron, whereas 
a ratio of about 1:5 was found in later estimations. It may be noted that in 
the flower petals the values obtained for “iso-chlorogenic acid” considerably 
excèed those for chlorogenic acid. 

Purely from visual comparison on the chromatograms it is apparent that 
the concentration of the flavonol-glucosides was higher in the “Finse” plants, 
but it was very much lower than was observed in earlier investigations on 
plants grown in the field. This lower content of flavonols in greenhouse 
grown plants is in agreement with the results of work on tobacco (Frey- 
Wyssling and Bäbler 1957, Penn and Weybrew 1958, Ferguson and Weaving 
1959). The first authors found that the same was true of chlorogenic acid. 
They attributed it to the filtering effect of glass to ultraviolet radiation, and 
also succeeded in increasing the chlorogenic acid content of greenhouse 
plants to that of plants grown in the field by irradiating the plants with 
ultraviolet lamps. No increase was, however, obtained in rutin content. Preli- 
minary studies with our material suggest that alpine plants irradiated with 
long wave ultraviolet (Philips TL 40W/5) contain higher amounts of flavo- 
noles than plants from which most of the ultraviolet from the lamps was 
excluded by glass panes. However, too few data are, at present, available to 
make any definite statement about the positive effect of ultraviolet upon the 
formation of flavanols in Solidago leaves. 

Of the two populations used, appreciable quantities of anthocyanin were 
found only in the “Finse” plants, and only when the plants had been sub- 
jected to a fall of temperature in the phytotron. The concentration increased 
as the temperature was further decreased. Parallel to this, leaf respiration 
was measured (unpublished report). The respiration rate, measured at 25°C, 
of the “Finse” plants showed a marked increase just before anthocyanin 
production was observed. The respiration increased more as the temperature 
was further decreased. The “Hallands Väderö” plants showed a much less 
marked increase of the respiration rate and no anthocyanin production was 
observed. 

Anatomical examination of the leaves showed that in “Finse” the antho- 
cyanin is always restricted to the uppermost part of the palisade layer, just 
below the epidermis, but never in the epidermis itself. In those cases where 
anthocyanin has been detected in “Hallands Väderö” leaves it has been 
localized in the hypodermis of the veins and to some extent in the margins. 
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II. Polyphenol oxidases 
Methods 


Preparation of crude enzyme. Leaves from plants grown as described on page 582 
were used. An acetone powder was prepared by homogenizing the leaves. with 
acetone, precooled to —20°C, using an MSE homogenizer, supplied with cooling 
equipment. The mince was filtered through glass filter and the precipitate was 
washed several times with cold acetone and dried. The powder was ground in a 
mortar, transferred to the homogenizer, and the process repeated. Finally, the 
powder was washed with cold acetone until the washings were colourless. It was 
dried and stored over H,SO, in a vacuum desiccator. Half an hour before activity 
measurements were started, the powder was suspended in Mcllvaine’s buffer, pH 
6.8, at room temperature. Either the suspension itself or its filtrate was used as 
“enzyme solution”. The chlorogenic acid activity of such a filtrate was reduced by 
about 15 °/o by a one-hour shaking period at 25°C. It showed very little or no oxygen 
uptake unless substrate or ascorbic acid was added. 


Measurements of enzyme activity 


1. Warburg manometric technique. The usual precautions were observed. The 
temperature of the bath was 25°C, the shaking speed at an amplitude of 2 cm. was 
180 oscillations per minute. The centre wells were charged with 0.1 ml. 10 °/o KOH 
and a piece of folded filter paper. The substrate was dissolved in MclIlvaine’s buffer, 
pH 6.8, and was tipped into the enzyme solution at zero time. Final volume was 2.0 
ml. Readings were taken every two or four minutes. In most experiments undiluted 
buffer solution was used, but a ten-fold dilution of it showed no effect unless the 
pH of the reaction mixture was considerably changed. In all measurements the pH 
was between 6.3 and 6.8; variation within these limits caused no substantial changes. 
Distilled, de-ionized water was used; addition of EDTA (ethylenediaminetetraacetate) 
to a final concentration of 10-3 M did not alter the O, uptake rates. Where not other- 
wise indicated chemicals were commercial preparations. Catechol was recrystallized 


from benzene. 

2. Spectrometric method. The initial rate of oxidation of ascorbic acid was followed 
at 265 mu with a Beckman DK-2 spectrophutometer. The method was essentially the 
same as that used by Sisler and Evans (1958). To a standard silica cuvette con- 
taining substrate dissolved in buffer, a freshly prepared solution of ascorbic acid 
plus EDTA was added; the “enzyme solution” was injected by means of a syringe 
and the recorder was started. The final volume of the reaction mixture was 3.2 ml., 
containing 10% M EDTA, 5X105 M ascorbic acid, Mcllvaine’s buffer pH 6.8, 
substrate and enzyme. As a criterion of enzyme activity the decrease in OD (optical 
density) between 20 and 200 seconds after injection was used. The enzyme concentra- 
tion was adjusted so that the OD decrease was held below 0.1 per minute. Ascorbic 
acid oxidase activity was estimated by adding all reagents except the substrate. The 
OD decrease was proportional to time during at least four minutes for the substrates 
tested with this method, except in those cases where catechol was used as substrate. 
The temperature was ca. 25°C. 
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3, Colorimetric method. Anthocyanin decomposition was measured colorimetrically 
at 520 mu with a Beckman DU spectrophotometer. To two ml. of the substrate 
solution in Mcllvaine’s buffer, pH 6.0, one ml. “enzyme solution” was added. After 
shaking for two minutes at 25°C the reaction was stopped by adding one ml. conc. 
HCl and the OD of the remaining anthocyanin measured. The enzyme activity was 
expressed as the OD decrease during the two-minute period. 


Results and Discussion 


The purpose of this part of the study was to find out whether the leaves 
contain enzymes capable of oxidizing phenolic compounds — and if this was 
true — to what extent the polyphenols found in the leaves are able to stimu- 
late the oxygen uptake of the enzyme preparation. We also considered it of 
value to estimate the range of substrate specificity. Because of the difficulty 
in isolating the substances present in the leaves in sufficient quantities only 
some of them were available for activity studies. 

Substrate specificity. A number of phenolic substances were tested as 
substrates using different methods and enzyme preparations from different 
plants at several times during the vegetative period. When the manometric 
and the spectrometric methods were used, the activity for a tested substrate 
was always compared with the activity for chlorogenic acid, which proved to 
be the most active of the substances tested. The results are given in Table 3. 
It is apparent that the enzyme is completely unable to utilize monohydric 
phenols, while many o-dihydric phenols are readily oxidized. Caffeic acid, 
as well as its depsides with quinic acid, chlorogenic acid and “iso-chlorogenic 
acid” were found to be the most suitable substrates, while the corresponding 
monohydric phenol, p-coumaric acid, showed no activity at all. The same is 
true of ferulic acid where one of the hydroxyl groups of caffeic acid is 
substituted by a methoxy group. It may also be noted that tyrosine is not at 
all attacked though the oxidation of dopa (dihydroxyphenylalanine) is 
stimulated. 

Of the flavonoid compounds, d-catechin showed the highest rate of oxygen 
uptake. Suspensions of quercetin or rutin showed no uptake even when 
the enzyme concentration was increased to several times that normally 
used. Because of their low solubility the concentration of these substances 
was very low which might be responsible for the negative results. On visual 
inspection slight discoloration of the rutin but not of the quercetin suspension 
was observed. No increase was obtained, however, in the rate of ascorbic acid 
oxidation when the spectrometric method was used for estimation of the 
activity for rutin. 

The enzyme preparations also show the ability of decolorizing cyanidin- 
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Table 3. Action of crude polyphenol oxidase on phenolic substrates. 


2 


Enzyme action according to different methods | 
| 


Substrate 


Mano- Spectro- |Visual colour Colori- 
metric metric change metric 
Catechol acc et + - 1) +) 
REGS ORCUN OL ARE sea cime = _ = 
EVE O SAN OL ae A eee Be ne cs + 


—+ 
MORO SI CIN OLB Bewerte SF 
OU AN P-Gresols „nenne = 
HVROSIRE revere ee cendre =" — 
Dihydroxyphenylalanine............... + + |e cece 
o-, and p-Coumaric acids ............ = = 
GPS AT ee cet canta: = == 
PARENT MS can cats coker clear fee: aS 
= 


Chlorogenic- acid Re ates + +++ Sess 
”iso-Chlorogenic acid”3 ............... ++ +++ 

Vurmie acid eis sn: 2 — 

Me APC CIN ferns a ce 20 + ++ 

OLGA es eee ere 2) 2) — 2) 

Bine en st 2) 2) + 2) 

Grant se Rene 2) +?) + + 
Cyanidin-glucosidest .................. E= ! + 
Delphinidin-glucosides5 ............... ++ ++ 


. Pelargonidin-glucosides®............... 


1 Some preparations show a considerable catechol activity. See text. 

The solubility was too low to obtain the concentration used for the other substrates. 
3 Isolated from Solidago leaves. 

4 Isolated from Solidago leaves and from stalks of Begonia heracleifolia. 

Isolated from Crocus vernus flowers. 

6 Partially purified extract from Clerodendron fallax flowers. 


19 


or 


glucoside solutions as well as solutions of the aglycon itself. Delphinidin- 
glucosides are also readily attacked, while an extract containing pelargonidin- 
glucoside is quite unaffected. This suggests that the inability of the enzyme to 
utilize monohydric phenols also includes the anthocyanins, but the negative 
result may also be due to the nature or position of the glucosidic residue or 
even to the presence of impurities. However, decolorization always took place 
in erude extracts of different cyanidin-glucosides from several sources. 
Furthermore, cyanidin-glucoside, added to the pelargonidin-glucoside extract 
was attacked. 

A notable finding is that only some preparations show any appreciable 
catecholase activity and that this activity does not follow that for chlorogenic 
acid. 

Activity variations during the vegetative period. The first measurements 
of polyphenol oxidase activity were made at the end of July 1959. At this 
time leaves from “Hallands Väderö” shoved a considerable chlorogenic acid 
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activity, whereas those from “Finse” showed very little or none. In contrast 
to “Finse“, “Hallands Väderö” also showed an appreciable catecholase 
activity. 

Two months later, the chlorogenic acid activity of “Hallands Väderö” had 
decreased somewhat, while “Finse” now showed a relatively high activity. 
The catecholase activity, if any, was very low for both of them. 

During the first two months of the new vegetative period, both forms 
showed relatively high, about equal activities for chlorogenic acid. Appreci- 
able activity for catechol was shown by the plants of one single “Hallands 
Väderö” clone only. It is an interesting fact that all three plants of this clone 
behave in the same way, a matter which suggests that it may be a genetically 
controlled character. 

Catecholase versus chlorogenic acid oxidase. The fact that of two different 
preparations having the same chlorogenic acid activities, only one shows 
catechol activity (Table 4), strongly suggests that the chlorogenic acid and 
the catechol activities are due to different enzymes. This is also supported by 
the differences in enzyme stabilities. Preparations stored for several months 
at 2°C showed no significant decrease in chlorogenic acid activity, whereas 
the catechol activity progressively decreased to only a few per cent of the 
initial value. 

The activities of different preparations to caffeic acid, dihydroxy- 
phenylalanine, d-catechin, and anthocyanins have been found to be correlated 
to the chlorogenic acid activities and to be quite independent of catecholase 
aclivity. Thus, it seems probable that the oxidation of all these substrates 
is stimulated by one enzyme. 

Inhibition studies. A number of substances which inhibit colour formation 
with chlorogenic acid were tested for their inhibitory effect on the oxygen 
uptake with this substance, and on the decolorization of cyanidin-3-gentio- 
bioside solutions. The results are summarized in Table 5. Of the substances 
listed, hydrosulfite and dieca (diethyldithiocarbamate) completely inhibit 
the enzyme. Ascorbic acid, on the other hand, showed no influence on 


Table 4. Chlorogenic acid and catechol activities of two enzyme preparations. 


Chlorogenic acid Catechol 
Plant - - me. HER ati 0 
4 min. 8 min. 4 min. | 8 min. | 12 min. 
| | 
HV*113 ou << | 55~ } 108 18.5 22.5 | 23 
HV 321 53 | 107 0 0 | 0 


ul oxygen uptake after tipping. Substrate conc. 0.01 M. 
4 mg enzyme powder. Other conditions as described on p- 587. 


Physiol. Plant., 13, 1960 


POLYPHENOLS AND POLYPHENOL OXIDASES 591 


Table 5. Effect of inhibitors. 
CS a ee ee 


acne Chlorogenic acid! Cyan.-gluc.? 

4 min. | 8 min. 12 min. OD decrease 
Ascorbic acid, 20 moles 65 126 185 0 
' Hydrosulfite, 20 moles... D | 0 0 0 

| Dieca, 20 pmoles............ Liebe oo: 0 0 | 
| Catechol, 10 moles ...... 50 | 70 73 10 
5 5 a ee 60 ns 158 12 
> 2 ee 69 | 133 193 14 
IG NONG Rem Re 67 132 194 28 


* ul oxygen uptake after tipping. 20 umoles chlorogenic acid; 4 mg. enzyme powder. 
Final volume 2 ml. Other conditions as described on p. 587. 


? Decrease in optical density at 520 mu during two min. Ca. 0.25 umoles cyanidin- 
glucoside isolated from stalks of Begonia heracleifolia. Volume of reaction mixture 2 ml. 
Other conditions as described on p. 588. 


the oxygen uptake and probably serves only to keep the substrate reduced 
(Clayton 1959, James et al. 1948, Miller and Dawson 1941), although it has 
also been reported that ascorbic acid acts as an inhibitor or even as a stimu- 
lator of polyphenol oxidase (Baruah and Swain 1953, Krueger 1950). It may 
be noted that all preparations tested showed a slow continuous oxygen uptake 
with ascorbic acid alone, which may indicate the presence of a direct ascorbic 
acid oxidase, but, as the preparations are crude, may also be due to small 
amounts of polyphenols. No oxygen uptake took place, however, when no 
ascorbic acid was added. 

Clayton (1959) fractionated tobacco polyphenol oxidase and obtained a 
preparation from which catecholase activity was absent, but which was still 
active in oxidizing caffeic and chlorogenic acids. Catechol was found to inhibit 
the oxidation of these substances. In addition to many other similarities with 
the tobacco enzyme, the chlorogenic acid oxidase of Solidago leaves is also 
inhibited by catechol. As can be seen from Table 5, the inhibition increases 
with time and reliable determinations of the inhibitor constant could not be 
carried out. 

Catechol also has an inhibitory effect on the decolorization of anthocyanin 
solutions. This is quite in contrast to the cyanin oxidase from leaves of 
Coleus hybridus, which was not inhibited by catechol, moreover, the presence 
of catechol was necessary as enzyme activator (Bayer and Wegmann 1957). 

Michaelis constants. K, values of 1.1X10 and 2.5 X 10°? M for caffeic acid 
and chlorogenic acid, respectively, have been reported for purified tobacco leaf 
enzyme (Clayton 1959), while Sisler and Evans (1958) reported a Ky of 
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Figure 2. Determination of Michaelis constants. 
Rates of oxygen uptake from averages of triplicate 
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1.78X10-* M for chlorogenic acid with tobacco root enzyme. Different 
methods were, however, used in the two cases, Clayton using Warburg tech- 
nique, while Sisler and Evans measured the decomposition of ascorbic acid 
spectrometrically. 

With our enzyme the K,, values obtained, using the Warburg technique, 
were 1.5 X 10% and 1.6 X 107° M for caffeic and chlorogenic acids, respectively. 
The data are given in Figure 2. 

The K, value for chlorogenic acid was also determined with the spectro- 
metric method. The value obtained was 1.75X10~4 M. The concentration 
range of substrate was 10—200 uM, other conditions being as described on 
page 587. It should be noticed that there are great differences in substrate 
concentration ranges between the two methods used. 

No determinations of K,, values for catechol were made since the rate of 02 
uptake with this substrate falls off rapidly with time (Table 4). This makes 
it impossible to determine the true initial rates with the Warburg method. 
The spectrometric method which allows one to follow the decomposition of 
ascorbic acid continuously, shows that inactivation takes place already 
during the first 30 seconds of the reaction. 


Summary 


Phenolic compounds and polyphenol oxidases present in leaves of Solidago 
virgaurea have been studied. Plants, grown under controlled conditions, 
representing one coastal and one alpine form were used. 
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1. Chlorogenic acid, a substance closely related to it probably a chlorogenic 
acid isomer, rutin, and a kaempferol-glucoside were found to be the most 
abundant phenolic constituents. Only the alpine form contained an appreci- 
able quantity of anthocyanin, which principally consists of cyanidin-3-gentio- 
bioside. The flavonol content was much lower than what was found in earlier 
studies on plants grown in the field. The concentration of the phenolic com- 
pounds seems to increase with advancing maturity. 


2. Crude polyphenol oxidase preparations stimulated the oxidation of 
several o-dihydric phenols, whereas monohydric phenol were not oxidized. 
Chlorogenic and caffeic acids were found to be the most readily oxidized 
substrates. D-catechin and cyanidin-glucosides are also oxidized, whereas 
rutin is not oxidized or oxidized very slowly. Only some preparations showed 
activity to catechol. This activity is quite independent of the activity to the 
other tested substrates, the oxidation of which is strongly inhibited by 
catechol. It is evident that at least two enzymes with polyphenol oxidase 
function are present in Solidago leaves. 


This investigation has been supported by grants from the Rockefeller Foundation 
and the Swedish Natural Science Research Council. 
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When lecturing on the uptake of ions in higher plants, we often demon- 
strate the rate of uptake and the distribution of ions by means of experiments 
with radioactive phosphorus. Sample plants are tomato or corn plants grown 
in nutrient solutions in the usual way. When starting an experiment about 16 
hours before the lecture, the plants are transferred to a vessel containing 
100 ml. of nutrient solution to which has been added approximately 25 uC P?? 
in the form of H3PO,; the rate of uptake and the distribution of ions are 
demonstrated by means of a Geiger-Müller monitor. 

In order to demonstrate the distribution of ions in greater detail than is 
possible by a mere use of G—M tubes, one of the sample plants was chosen 
for registration of autoradiograms in the days following the uptake experi- 
ment. However, instead of using the conventional procedure in which the 
experimental plants are pressed and dried prior to the exposure. an attempt 
was made to introduce a less time consuming method. The fresh plants were 
placed between two layers of plastic foil (0.02 mm.) and were then immediat- 
ely brough into contact with the film (Ferrania, Tipo N x-ray film) which 
was wrapped in black paper. By means of this modification of the usual 
procedure we were able to make an observation concerning the distribution 
of ions in the case of fungus attack which, as far as we know, has not 
previously been reported in the literature. 

In order to obtain a suitable degree of blackening in the autoradiogram 
(adjustement for later use of the technique) tentative exposures of 48, 24, 
and 16 hours were made with the same plant. The first mentioned duration 
of exposure caused a too intense blackening in the case of the stem parts, 
their contours becoming blurred. In the subsequent exposure 5 day after the 
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A B C 


Figure 1. P#?-radiograms of a tomato leaf. A intact leaf, B initial attack and C serious 
attack of a fungus species. Exposure À 48, B 24, and C 16 hours. 


ion uptake experiment the autoradiograms of some of the leaves were found 
to contain a few strange and intensely blackened spots, which we at first 
considered to be artefacts (Figure 1 B). Since even this shorter duration of 
the exposure caused a too intense blackening of the stem and root parts of 
the plants in the radiogram, it was decided to reduce the exposure to 16 hours 
ten days after the uptake experiment. The radiogram of the leaves was now 
found to be studded with intensely black dots (Figure 1 C). A comparison of 
the autoradiogram with the plant showed the location of these dots to corres- 
pond exactly to areas of mycelium carrying conidia in the still living leaf 
tissue. Unfortunately, owing to a too early destruction of the sample plant, 
we were unable to identify the fungus species. 

Our observation appears to indicate that when infecting the tissues of 
higher plants fungi tend to collect phosphorus from the cells of the host 
plant and to concentrate it in the spore forming air-mycelium. This removal 
of phosphorus (which plays a vital part in the physiology of the cells) from 
the tissues of the host plant may possibly reduce its power of resistance to 
the infection and thus facilitate the spreading of the mycelium in the tissues. 
The radiogram clearly shows the tissues next to the areas of air-mycelium to 
be less rich in phosphorus than are the intact tissues, e.g., in the tips of some 
of the leaves. The nutritive mycelium of the fungus which presumably has 
a reasonable density within the only slightly blackened areas of the leaves 
appears not to accumulate phosphorus, 

As the observation may be useful for studies of the physiological and 
pathological picture when attack of fungi are involved, we have briefly 
reported it here. 
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Relatively little attention has been paid to the light inhibition of root 
growth, especially in comparison with the overwhelming literature on the light 
sensitivity of shoot parts. However, it can be inferred from recent papers 
that light inhibition of roots is a common phenomenon, an action spectrum 
has been described (Kohlbecker 1957), and a striking connexion with the for- 
mation of chlorophyll has been pointed out (Burström and Hejnowicz 1958). 
Chlorophyll formation is likewise a common and probably universal pheno- 
menon in illuminated roots (Hejnowicz 1958). Whereas an extensive literature 
deals with the interaction between light sensitivity of shoots on the one hand 
and growth regulators: auxins, kinetin, and gibberellins, on the other hand, 
little is known of the corresponding conditions in roots. 

In an attempt to plan a series of experiments on the mineral nutrient con- 
ditions- governing the light sensitivity of isolated wheat roots, requiring the 
establishment of an “optimal” nutrient medium, it was also found necessary 
to explore thé importance of the three mentioned groups of organic growth 
regulators. The experiments have led to clear-cut results concerning the 
effects of added Fe and gibberellic acid on roots. These will be presented 
below, whereas the actions of other heavy metals will be reserved for a forth- 
coming publication. 


Methods 


Plant material. Cultures of isolated wheat roots are used as standard material in 
our growth studies. Seeds of Eroica wheat were germinated aseptically. Ten milli- 
litres of nutrient solution in a 100 ml. flask were inoculated with three 7.5 mm. 
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tips. Each experiment usually consisted of eight treatments, each with six replicates 
containing 18 roots. The composition of the basal nutrient solution was: KH,PO, 
1/2500 M, Ca(NO3)2 1/2500, MgSO, 1/5000, NagSO, 1/10000 M, Fe-versenate 107, 
ZnSO, 10°, and MnSO, 108 M, thiamine 0.1 and pyridoxine 0.5 mg. per l., and 
glucose 1/20 M. 

The cultures were kept at 22°C in darkness or white fluorescent light of about 
2500 lux for seven days. The roots react rapidly to light, a longer experimental 
period or renewal of the solutions was unnecessary except when hormones were 
added in the highest dilutions; they were then renewed after four days. All treat- 
ments were repeated five to ten times or more in independent experiments, with the 
different treatments combined in various ways. Identical dark and light series were 
always run simultaneously. Only clear consistent responses corroborated in repeated 
tests will be presented below, either as average values of different experiments, or 
as individual series in which special treatments were directly compared. The 
reproducibility and uniformity were highly satisfactory, which will be shown by 
standard errors and examples in the tables. 

In some series growth was measured, in others the chlorophyll content of the 
roots was determined. 

Measurement of growth. This was performed in three different ways. 

(a) By measuring the increase in root length during the experimental period. In the 
basal solution this amounted to about 30 mm. in the light and about 55 mm. in the 
dark, with standard errors of between +1 and +1.7 mm. — This is not a very good 
expression of growth, since it does not tell anything-about the manner in which the 
increase in length has been achieved. It is, unfortunately, with single exceptions the 
only method of measuring root growth found in the literature. We do not attach 
much weight to these figures by themselves, and they are only exceptionally recorded 
in the following. 

(b) By distinguishing between cell multiplication and growth by cell elongation. 
This has been done in our routine work since 1941 by measuring the final length 
of the epidermal cells and computing the number of cells longitudinally from the 
ratio increase in root length: final cell length. This principle has only recently been 
adapted with success by other workers (Butcher and Street 1960). 

Measurements can be made arbitrarily on any cell layer under certain conditions, 
viz.:(1) when the meristem is sharply set off from the ensuing elongation, which is 
the case with the epidermis in grass roots, and, (2) if the final cell length is not 
evaluated as the size of an arbitrarily chosen cell type but as the ultimate length 
attained by a certain initial segment of the root. The method should be compared 
with the classical one of making India ink markings on the root, which are followed 
during the elongation. 

It has repeatedly been shown that cell multiplication and cell elongation deter- 
mined in this way are as a principle independent of each other. One further example 
is given in Table 1 with two hormonal growth inhibitors in high concentrations. 
The table clearly illustrates the effect of the auxin on the cell elongation and the 
inhibition by this concentration of kinetin of only the cell multiplication. 

The standard error of the cell lengths averaged +2 to +4 u. The error of the cell 
number is, of course, statistically larger, since it includes the error of the root 
length. In the tables the cell number is always given per seven days. For roots from 
the basal solution the average values were for cell length after seven days in the 
light 135 u and in the dark 170 u. The average number of cells formed longitudin- 
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Table 1. Example of the independence of cell elongation and cell multiplication. Experiment 
with high concentrations of an auxin (1-NAA 3 - 10-7 M) and kinetin (0.1 mg/l.). Darkness. 
ag 


Addition Cell Cell 
length p number 

NOT = mr 233 198 

TN AAA FRS 144 180 

Kimetin 7.2.2 262 75 

1-NAA + kinetin ... 118 82 


ally per seven days in the light was 220 and in the dark 320. The reproducibility of 
the results (cf. examples in Tables.4 and 5) indicates that the real accuracy is greater 
than that computed statistically. 

Under certain conditions epidermal cell lengths cannot be used as indices of root 
elongation. This occurs if elongation of the central parts of the root proceeds, but 
the epidermis is specifically inhibited. It will result in the formation of intercellularies 
in and the eventual rupturing of the epidermis (Burstrôm 1949). It may also occur 
if the central part is inhibited but the epidermis goes on elongating; as a result the 
surface becomes corrugated with wavy cells. Formations resembling those observed 
by us have been described by Cormack (1959). Such cases have been encountered 
under specific conditions, but none are included in the present material. The pheno- 
menon deserves special attention. 

This method of analyzing growth is not quite satisfactory either. A certain final 
length of a root segment can be attained in different ways: by a slow elongation for 
a long time, or by a rapid elongation for a limited period of expansion. A more 
satisfactory growth study requires: 

(c) A distinction between rate and duration of cell elongation. These two are inde- 
pendent of each other, but they cannot be separated by the above-mentioned method. 
It is carried out by measuring cell lengths from the meristem along the axis 
of the root through the zone of elongation. The method has been described in detail 
elsewhere (Burstrôm 1941, 1957). It results in graphs showing the grand period of 
elongation over a true time scale. This method reveals details of the growth process 
of decisive importance for the interpretation of growth reactions. 

It is often observed that cell length and cell number vary inversely. with little 
change in total root length. Seemingly the roots are insensitive to a certain treatment, 
but an analysis of the growth curve may reveal significant responses in the rate of 
elongation, corroborated under other conditions. The interpretation is that cell mul- 
tiplication and rate of elongation are the two important independent variables. 
However, the final root length attained may be limited by some secondary factor, 
which may be of osmotic (Burstrôm 1953) or nutritional, or even hormonal nature. 
It does not allow more than a limited final root volume, regardless of whether it is 
achieved by increasing the number of cells or the size of each cell. In such instances 
an analysis of the true time course of the etongation is essential. 

These two methods of analyzing growth are accurate and not very time-consuming. 
A determination of the average cell length on a sample of 10 roots with in all 180 
measured cells is performed in 20 minutes with a standard error of +2 °/o, and a 
complete elongation-time curve based on 10 roots in about one hour. It is more 
easily done directly under a microscope than by some elaborate photographic 
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method. If such elongations curves (examples see Figures 1, 3, and 4) are derived, 
which is easily done graphically, it gives the “relative elemental rate of cell elonga- 
tion” according to Erickson and Sax (1956, cf. Hejnowicz 1959), but such a transfor- 
mation is of no advantage for the present problems. 

Chlorophyll determinations were carried out on crude ether extracts left over 
night in a refrigerator in order to allow the colloidal matter to settle. The extinction 
was measured at 663 mu with a Beckman DU instrument. This simple method is 
permissible, since the roots do not contain other pigments interfering at this wave- 
length, and a normal chlorophyll a/b ratio of about 3. 


Results 


The behaviour of a growth active compound not affecting the light sensi- 
tivity is illustrated in Table 2. The substance tested was di-n-amylacetic acid, 
known from experiments with intact plants to inhibit preferrably the elonga- 
tion of the epidermis, which results in rupturing of this layer (Burstrom 
1949). Nothing of this kind was found in cultures of excised roots, but only 
a regular increase in cell elongation and hardly significant decrease in cell 
multiplication in darkness only. The table exemplifies (1) the independence 
of cell multiplication and elongation, (2) a light inhibition independent of 
the growth compound action. 

The table also shows the behaviour of control roots. Both cell length and 
cell number decrease significantly in light, together resulting in a nearly 50 
per cent inhibition of the root growth. 

The time course of the elongation of control plants is shown in Figure 1. 
Light always causes a more or less irregular-delay in the onset of the elonga- 
tion, followed by a short period of a few hours’ duration with cell elongation 
at a fairly normal rate. The inhibition sets in gradually, so that the growth 
curve bends over smoothly instead of running at a constant rate almost up 
to the end of the elongation as it does in darkness. It is also significant that 
the duration of the elongation is practically unaltered in light. 


Table 2. The light effect in the presence of di-n-amylacetic acid (DAA). Average of two 


experiments. 
mm Nera ee 
DAA Growth mm. Cell length p Cell number Light effect 
M 
light | dark | light dark | light | cee oe 
8 8 ar ‚en dark length | number 
0 33 60 131 179 250 | 338 — 48 — 88 
1058 36 | 67 148 4191 244 | 331 | — 43 — 87 
1023 37 70 153 206 243 | 320 — 53 — 77 
3.107 45 71 190 242 238: | 293 -- 52 — 5 
ee: x x ov AU x AR 


1 Roots dead. 
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Figure 1. The grand period of elonga- 459 
tion in light and darkness. One experi- 
ment selected to show the average 
elongation of light and dark-grown 
roots. LIGHT 
Duration of elongation from a length > 
of 20 u to 5 u before the final length 
is reached: in light 18.4 hours, increase 
103 u, in dark 18.5 hours, increase 
179 u. 50 
(This mode of computation has been 
chosen because exact start and end 
points of the elongation cannot be 
established.) 


0 
10 20 30 40 HOURS 


Thus, besides the inhibition of the cell multiplication by about 30 per cent, 
light causes an inhibition of the rate of elongation, setting in near the be- 
ginning of the grand period of elongation and gradually increasing. The 
shape of the light curve renders it meaningless to compute an average rate 
of elongation. 

This shape of the light curve has been confirmed repeatedly in a number 
of experiments; another two cases are shown in Figures 3 and 4. The 
morphology of normal light and dark grown roots is exemplified in Figure 2. 


Figure 2. The morphology of roots grown 
in light and darkness, with and without 
Fe and versenate. — Basal solution — 
Mn, — Zn. 
1—-4 darkness, 5—8 light 

1,5 controls 

2,6 + Na,-versenate 1076 M 

3,7 +FeCi, 1076 M 

4,8 +Na,-versenate + FeCl, 

Roots selected to represent the average 
within each lot. Note the root hair for- 
mation with Fe in light. Natural size. 
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1. Effect of auxin and kinetin 


Attempts have been made to link up light-growth reactions with both 
auxins, kinetins, and gibberellins, but little is known of the interactions in 
root growth. 

The grand period of elongation of auxin-inhibited roots is well known 
from previous papers (cf. e.g. Burström 1942, 1957). The elongation starts 
rapidly and is suddenly cut off at a higher or lower level. This is practically 
the contrary to the light inhibition. It is then surprising to find that light 
renders the roots nearly insensitive to auxin (Table 3) except at very high 
concentrations. A light induced destruction of this synthetic auxin can hardly 
be taken into account. The most likely explanation at present is that auxin 
and light in different ways inhibit the same part of the elongation; if this is 
already prevented by one of them, the other does not cause further inhibition. 
It has been concluded (Burstrôm 1958) that auxin prevents elongation by 
changing the pattern of deposition of cell wall material, but the mode of 
action of light in this respect is unknown. 

However, there are no reasons to assume some direct connexion between 
this auxin and the light inhibition. 

A number of experiments were carried out on a comparison between 
kinetin and gibberellic acid effects on the roots. 

Kinetin is known to inhibit lettuce root growth in the dark (Evenari et al. 
1958, Kahn 1960) and tomato root growth at a low sugar supply in almost 
complete darkness (Butcher and Street 1960; only weak occasional light 
according to a private communication from Dr. Street), but at a high sugar 
supply the growth is increased. Lee (1959) also found a slight stimulation 
of over-all elongation of both dwarf and normal tomato roots at a high sugar 
supply. 

With wheat roots kinetin at 0.1 mg. per l. (about 5:10-7 M, Table 1) 
strongly inhibits the cell multiplication in the dark, and practically the same 


Table 3. The auxin induced inhibition of elongation in light and darkness. Average values. 
Cell lengths u. 


1-NAA M Light | Dark 
0 155 222 

10-8 137 201 
10-7 129 143 
3.107 131 | 144 
10% F 

no regular elongation, 
strong swellings 
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effect was found in light. Within the concentration range 0.01 to 0.001 mg. 
per I. a weak inhibition of both elongation and multiplication was obtained 
(Table 4) but this is obviously independent of light. 

Gibberellic acid, on the other hand, exerts a distinctly different mode of 
action in light and darkness, which will be further discussed in Section 3. 


2. Effect of Fe 


A comparison has been made between different. heavy metals, but only the 
results with Fe?* will be recorded here. Since Fe seems to occupy a central 
position in the light-sensitive system of the roots, the effect of this metal will 
be dealt with in detail. 

A compilation of some typical experiments has been made in Table 5, 


Table 5. The effect of light on root growth in the presence and absence of Fe. Results from 

7 consequtive experiments without Fe and 8 experiments with Fe-versenate 106 M. 

Standard errors in table head are for average within experiments, standard errors at 
bottom for average of experiments. 


Growth mm. Cell length u Cell number Effect of light 

light dark light dark ; cell cell E 
RA RR a ne light dark length number 
Fe = 0 

41 50 161 155 254 323 6 — 69 

35 43 181 166 191 261 15 — 70 

40 51 165 157 243 324 8 — 81 

45 54 176 158 253 341 18 — 88 

33 54 177 163 185 332 + 14 — 147 

40 52 "173 168 229 311 + 5 — 82 

32 47 159 135 202 346 +. 24 — 144 
Average Fe = 0 
384.2 [50.211170 31157044 |. 2222 320 327 os 

+11: |e s9) [Ce 8%) I Ca 

Fe = 10% M 

28 56 121 172 218 323 — 51 — 105 

33 62 130 189 242 324 Shh — 82 

29 52 132 168 258 351 — 36 — 93 

36 59 131 179 261 328 — 48 — 67 

41 65 150 172 264 377 — 22 US 

28 48 148 154 180 307 RNA — 127 

27 54 139 173 181 309 — 99 — 128 

34 57 156 192 207 294 — 36 07 
Average Fe = 10% M 
32 + 2 | 57 + 2/138 + 4/175 + 4 226 327 — 37 + 6 — 100 

+ 12 + 9 |(— 21 %) (— 31 %) 
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which also serves to illustrate the reproducibility of the standard experiments. 
Already the total root growth discloses a slightly promotive effect of Fe in 
the dark and an inhibition in the light. These are hardly significant, but the 
separate effects on cell elongation and multiplication are clearly so. The light 
inhibition of the cell multiplication is undoubtedly independent of Fe under 
these conditions: a reduction of the cell number of 98 without Fe compared 
to 100 with Fe. The above-mentioned cell length inhibition comes to the fore 
only with Fe present, but it is replaced by a small but significant increase in 
cell elongation in light in the absence of external Fe but with all other ions 
present. This effect has been obtained in all experiments. 


Fe was supplied as versenate, and it is necessary to find out whether the 
effect depends upon Fe or the EDTA. Several comparisons between Fe-versen- 
ate and FeCl; (Table 6) have revealed that in the light the two salts act 
identically. In the dark, however, the chloride has no effect on the elongation, 
but the versenate causes a significant increase. Thus EDTA is not without 
effect by itself. This is drastically emphasized in experiments devoid of all 
heavy metals (Table 7, Figure 2). Not only does Na-versenate inhibit the 
cell elongation in light just as much as Fe does, but it reduces the cell multi- 
plication in the dark more than any other compound tested in this low 
concentration. It is obvious that EDTA itself has a strong growth-regulating 
effect (cf. Heath and Clark 1956, Burstrôm and Tullin 1957), and this is 
most conspicuously related to the light factor. 


Considerable data have been collected on the action of EDTA and other metals 
than Fe: the details of Table 7 thus cannot be interpreted here, it will be reserved 
for a later publication. 


Table 6. Comparison between FeCl, and Fe-versenate. The Cl and versenate series were 
carried out independently of each other; the control values (Fe=0) thus differ somewhat. 


EEE ne 


Cell length p Cell number 

Fe M 

FeCl, Fe-vers. FeCl, | Fe-vers. 

Light 
0 173 173 229 225 
10% 139 145 181 231 
3.10% 116 11 213 224 
103 113 114 201 225 

Dark 
0 168 167 311 298 
10-6 173 175 309 322 

3- 10-6 184 184 255 306 | 

1075 173 202 260 291 
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Table 7. The interaction between Fe, EDTA, and light on the root growth. — Basal solu- 

tion — Fe, — Mn, — Zn. Cf. Figure 2. Chlorophyll determinations average from 10 
experiments; mean error + 1.0 ug. 

IE I nee EEE 


Cell length » Cell number Chlorophyll 
Treatment a »g/100 
light | dark light | dark roots 
CORITOLR EE er ss eos | 152 | 157 209 | 339 14.7 
+ Na,-versenate 106 M ..........…. 119 154 160 128 8.3 
=the CL LOSE Meeres | 111 | 155 187 | 336 20.5 
+ Na,-versenate + FeCl, ...........- 98 170 218 328 21.0 


This complicates the study of the action of the Fe-ions, because with Fe 
given as chloride the uptake may be aggravated. However, Fe completely 
reverses the inhibition of the cell multiplication. It is interesting to note the 
much higher sensitivity of isolated than intact roots of wheat (cf. Burström 
and Tullin 1957). These endure 105 M EDTA, and the inhibition is reversed 
by an equivalent concentration of Ca or Mn, but not by Fe. The isolated 
roots are practically killed by 10°? M and are strongly inhibited by 106 M 
EDTA even in the presence of a Ca-excess of 400:1. This inhibition is reversed 
by Fe. The reason why the intact plants do not show this Fe-deficiency may 
be an easier intake of Fe by such plants, perhaps by means of a passive 
movement with the transpiration stream, lacking in the detached roots. As 
previously shown by Street et al. (1952) supplying excised roots with Fe is 
usually rather difficult; deficiency of Fe then causes an inhibition of the 
meristematic activity (Almestrand 1957). 


150 , gig? ih 
cf LIGHT 
2 
e-——— 
ra vc +Fe 
4 


100 
Figure 3. The interaction between Fe 


and light on the cell elongation. — The 
grand period of elongation with and 
without FeC1,, 10% M, in light and 


50 darkness. — Rate of cell multiplication 
per 24 hours 
Light Dark 
— Fe 39 52 
0 + Fe 35 52 


10 20 30 40 HOURS 
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The cell elongation in the dark is enhanced only in the presence of both 
Fe and EDTA and may thus be due to an increased uptake. A certain caution 
is, nevertheless, necessary in interpreting the Fe-action, but at least the 
light inhibition of the elongation involves an authentic Fe-effect. This may 
seem to be small, but the construction of curves of the grand period of 
elongation reveals distinctly the mode of Fe-action (Figure 3). The time 
curves with and without Fe are identical in the dark, the one without Fe in 
the light does not differ very much; a slight retardation of the elongation 
may occur near the end of the elongation only, but this is hardly significant. 
Fe is also certainly present in small amounts as a contamination. A typical 
light-growth reaction is only obtained with Fe added during the time of 
experiment. 

It seems permissible to conclude that an external addition of Fe is required 
for the light inhibition of the elongation to take place. 


3. Effect of gibberellic acid 


Conflicting statements are found in the literature on the action of gibberellic 
acid on root growth, which are not due only to the fact that much less work 
has been done on root than on shoot growth in this connexion. Krektile and 
Ullman (1959) report only growth inhibitions in concentrations from 0.1 ug. 
per l. and Alvin (1960) inhibitions after spraying of leaves. Lee (1959) and 
Butcher and Street (1960) found no significant effects. On the other hand, 
Whaley and Kephart (1957) on corn roots and Brown and Gifford (1958) on 
pine found positive effects at very high concentrations. 

According to the figures shown in Table 4 gibberellic acid in the dark 
decreases both the cell multiplication and the cell elongation, but in the light 
it increases the final cell length. The effect on the meristematic activity is 
obviously independent of light, whereas the light inhibition of the elongation 
is reversed by gibberellic acid. 

This has also been studied by analyzing the grand period of elongation 
(Figure 4). The inhibition by gibberellic acid in the dark implies a shortening 
of the time of elongation, whereas in the light gibberellic acid increases the 
rate of elongation over the major part of the elongation period. These effects 
are superficially corttrary to those of an addition of Fe. 

No interrelation between Fe and gibberellic acid has been reported to 
occur in other instances, and it is difficult to decide whether it is a matter 
of a direct interaction in this case. If Fe and gibberellic acid are varied 
against each other results such as those in Table 8 are obtained. It is im- 
possible to carry out a computation of the interaction in terms of competitive 
or non-competitive inhibition. The activity should be measured as rate of 
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Figure 4. The interaction between gib- 
berellic acid and light on the cell elon- 
gation. — The grand period of elonga- 
tion with and without GA, 0.01 mg/l. 
in light and darkness. — Rate of cell 
multiplication per 24 hours 


Light Dark 
— GA 39 56 
> + GA 30 38 


10 20 30 40 HOURS 


elongation, but since this changes strongly during the course of elongation 
in the light-treated roots, a numerical figure of the average rate of elonga- 
tion is of little value. 


Table 8 indicates, however, that as far as cell multiplication is concerned 
the action of the two growth regulators are nearly independent. With regard 
to the final cell lengths it appears that the Fe-effects are completely abolished 
by gibberellic acid; this holds true both for the increase by Fe in the dark 
and the decrease in the light. It is obvious that the interaction’ between Fe 
and gibberellic acid in the elongation cannot depend upon an inactivation of 
Fe by, e.g., some complex formation with the acid, since then the effect should 
be similar in the cell multiplication. The effects on cell multiplication and 
cell elongation are mutually independent, and in the latter instance the com- 
pounds seen to act as antagonists. 


Table 8. The interaction between iron and gibberellic acid (GA) in light and darkness. 
Basal solution — Fe. GA 0.01 mg. per 1., Fe-versenate 10-° M. 


RE ee ee ee 
Cell length y Cell number Light effect 
Addition ll 
light dark light eg a 

18 dark length number 

————————— "|" 
NONE -:-... 150 | 161 274 394 — 11 | — 120 
+ GA ...... soy 188 | 153 213 265 + 35 —" a2 
= Bei. terre 131 179 214 358 — 48 — 144 
+ GA + Fe... 181 | 142 188 282 + 39 — 94 
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4. The formation of chlorophyll 


Chlorophyll formation from protochlorophyll is a normal and regular 
phenomenon in illuminated roots (Burström and Hejnowicz 1958, Hejnowicz 
1958). It is also known to increase considerably under the influence of 
growth-inhibiting concentrations of auxin and kinetin. 

Iron increases the chlorophyll formation, as was to be expected (Table 7). 
It is also considerably reduced by Na-versenate, indicating that it removes 
the traces of Fe occuring as contaminations. 

Gibberellic acid exerts a still greater influence on the chlorophyll for- 
mation (Table 9). The low concentration of 10 ug. per 1. reduces the content 
to about one half, regardless of whether Fe is supplied or not. A comparison 
between Tables 8 and 9 shows that the chlorophyll formation runs opposite 
to the cell elongation. There may be a causal connexion between the chloro- 
phyll formation and the cell elongation, or they may be independent mani- 
festations of gibberellic acid. It is also clear from these two tables that 
chlorophyll formation is related to cell elongation but not to cell multipli- 
cation or to total root expansion. 

Gautheret (1932) suggested that the chlorophyll formation in isolated 
roots was due to an accumulation of sugar. A growth inhibition should then 
favour a chlorophyll formation and vice versa. This may occur; it has been 
observed that water-filled “dwarf” roots (Burström 1959) contain abundant 
chlorophyll, but this fails as a general explanation of the chlorophyll for- 
-mation in normal roots. The chlorophyll content bears no relation to total 
root volume (Table 9) which had been expected, and with kinetin (Burström 
and Hejnowicz 1958) chlorophyll formation preceeds the growth inhibition. 


Table 9. The influence of gibberellic acid (GA) on growth and chlorophyll formation. 
Fe. Average of six series. GA added in 0.01 mg. per 1., Fe-versenate in 
1076 M. Light. 


Basal solution 


Growth mm. | Chlorophyll a pg. per 100 roots 
Addition = 
- GAÏ+GA| —GA | GA 
— Fe 35.7 34.0 15.6 + 0.9 8.1 + 0.7 | 
| + Fe 25.4 25.7 20.4 + 1.7 10.7 + 1.2 | 


The interaction between Fe and gibberellic acid in chlorophyll formation 
and cell elongation in the materials of Tables 7, 8, and 9 may be vizualized 
in this way, with the experiments arranged according to increasing cell length 
regardless of treatment: 
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Cell length in the light p 98 111 131 150 152 181 188 
Light action u —72 —44 —48 —11 7 7572539 255 
Chlorophyll ug. 21.0 20.5 204 15.6 147 10.7 81 


(Only the treatment with Na-versenate alone has been omitted owing to 
deficiency in other heavy metals.) 

Plotted as chlorophyll against cell length or light action the values fall 
smoothly along one line, regardless of treatment with iron or with gibberellic 
acid. This indicates that there is some direct connexion between chlorophyll 
content and elongation. Iron ought to affect chlorophyll formation directly and 
not indirectly by way of a change in cell elongation. A gibberellic acid-induced 
change in elongation could then hardly affect the chlorophyll formation 
either, especially since gibberellic acid affects chlorophyll content more than 
Fe does. Fe and gibberellic acid could each have two independent effects on 
chlorophyll formation and elongation, but then the quantitative connexion 
between chlorophyll and elongation would be a mere coincidence. The most 
likely explanation of this interrelation seems to be that the chlorophyll for- 
mation is directly affected by the growth regulators. The cell elongation is 
in some way related to the chlorophyll formation. 


Discussion 


Methodical questions. —- The light sensitivity of roots does not depend 
only upon the two factors studied, but it has also been found to be influenced 
by other heavy metals, Zn, Mn, Co, and Ni, not to mention the temperature. 
The influences of major nutrients has not yet been approached. Already the 
studied factors interfere with each other. It is thus practically impossible to 
explore exhaustively one factor excluding the possibility that its effect on 
the light sensitivity is an indirect one, mediated by something else, supposed 
to have been supplied at an “optimal” level. All conclusions drawn must thus 
be regarded as tentative only. Nevertheless, it is our experience at present 
that Fe and gibberellic acid belong to the main factors regulating the light 
response of the roots. Of compounds of hormonal nature auxin and kinetin 
are not likely to be directly involved in the light-growth reaction. 

In a root the grand period of elongation is much shorter than in shoots; 
in the wheat roots employed the time from initiation of elongation to cessation 
under standard conditions does not amount to more than about 15 hours, 
and the elongation under a constant rate to seven hours or less. It is, on the 
other hand, easily possible to study both meristematic activity, initiation of 
elongation, and its final cessation. It is obvious that these steps must be kept 
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apart. They are also differently influenced by the studied growth regulators. 
Although difficult to prove, the cessation is probably often caused by 
secondary nutrient conditions. The main steps are the rate of cell multiplic- 
ation and the rate of cell elongation, but the duration of the cell elongation 
seems to be of minor importance in the present connexion, Only the rate of 
cell elongation can be directly compared with a shoot growth test. It must 
again be emphasized that the over-all elongation of a root is only the integral 
of these independent steps; the simplified “root growth tests” are thus of 
dubious value in studies of growth actions. 

The action of gibberellic acid. — That the steps in the growth process are 
independent of each other is clearly borne out by the results with gibberellic 
acid. The cell multiplication is always slightly decreased and the rate of 
elongation is strongly increased in the light — the acid reverses the light 
inhibition — but unaffected in the dark. The controversial statements in the 
literature are probably due to the inability of the methods to account for the 
rate of cell elongation separately. 

In shoots gibberellic acid is known to enhance cell elongation but according 
to Sachs, Bretz, and Lang (1959) in rosette plants mainly or only the cell 
multiplication. In the first respect roots and shoots behave alike. The inter- 
action between gibberellic acid and light particularly known from seed ger- 
mination (Evenari et al. 1958, Kahn 1960, cf. Stiles 1960) but also from stem 
growth (Lockhart 1959) may also be of similar nature in roots and shoots. 

Kahn (1960) working on lettuce seed germination could not decide whether 
the gibberellic acid promotion was reversed by far red light or not. He has 
suggested two ways of gibberellic acid action, one by means of the red-far red 
system, and one dark reaction independent thereof. On the roots gibberellic 
acid inhibits cell multiplication slightly more in the dark than in light. The 
point worth of noticing is that this is’independent of the promotion of the 
cell elongation in light. A dualistic action of gibberellic acid is thus found 
also on roots, one dark effect and one antagonizing visible light. 


Alvim (1960) found a reduction in root growth by gibberellic acid sprays, presum- 
ably düe to a reduced sugar supply from the leaves. The experimental results 
showing a control root growth of 0.279 g., with sugar added 0.285 g., with gibberellic 
acid 0.206 g., and with both sugar and gibberellic acid of 0.222 g., do hardly support 
the conclusion that the gibberellic acid action is effectively counteracted by a sugar 
addition. Anyhow, such an effect is excluded in the excised roots. 


The mode of action of gibberellic acid is unknown but it strongly reduces 
the formation of chlorophyll in light. It has also been deduced that this ought 
to constitute one direct action of gibberellic acid. It is interesting to compare 
these finding with the results of McCune and Galston (1959) according to 
which gibberellic acid reduces the peroxidase activity in peas and corn under 
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a growth promotion. It is tempting to assume an interference of gibberellic 
acid in the formation of porphyrins, since chlorophyll content and peroxidase 
activity have this, but little more, in common. On the other hand, the inability 
of GA to antagonize Fe in the meristematic activity does not point to some 
simple regulation of the Fe supply. 

The iron problem. — Iron seems to be an important factor in the light 
regulation of the root growth. The interpretation of heavy metal actions is 
rendered very difficult by the common complex formation in chelates. A cer- 
tain action by Fe may depend upon the metal itself but also on its releasing 
another active ion from an inactive site, or on an exchange of iron for an 
inhibiting ion. A special study is required to decide between these possibilites. 
At least the action of Fe on the chlorophyll formation must be supposed to 
be caused by Fe, however, and consequently also the accompanying cell 
elongation regulation. As regards the independent effect on the cell multipli- 
cation conclusions must await further experiments. 

The present results show that EDTA actions on root growth cannot be 
explained only by a chelation of Ca, since the acid inhibits growth in the 
presence of a large excess of Ca. However, the action is reversed by Fe 
106 M. Hanson (1960) has referred the effect of EDTA at concentrations of 
10% and higher to the removal of Ca and Mg from protoplasmic membranes, 
but it is undecided whether an interaction with Fe at very low concentrations 
could have detected in his short-time experiments. The inability of EDTA 
according to Carr and Ng (1959) to remove Ca from cell wall preparations 
is aslo worth of attention in this connexion. 

The light sensitivity. — The light inhibition of the elongation appears as 
an inhibition gradually increasing during the later part of the cell stretching. 
It looks as if some inhibiting substance was slowly formed. This coincides 
with the formation of chlorophyll from protochlorophyll in the innermost 
layers of the cortex, where also the elongation can be supposed to be regu- 
lated. It was deduced that the chlorophyll formation is directly affected by 
the growth regulators and is no consequence of the growth inhibition. On the 
other hand, the close quantitative relation between inhibition and chlorophyll 
content suggests some connexion between them. 


The reduced content of chlorophyll in the wheat roots may be compared 
with the well known chlorosis often observed in gibberellin treated leaves. 
This has been studied on wheat by Wolf and Haber (1960). They distinguish 
two effects. One chlorosis in old plants is related to nutrient deficiencies. 
This possibility can certainly be excluded in the young, well nourished roots, 
with a total volume of the gibberellic acid treated ones not differing much from 
that of the controls. In young leaves gibberellic acid according to Wolf and 
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Haber does not influence either formation or destruction of chlorophyll; the 
pale colour depends only on a dilution of chlorophyll by the increased volume. 
Finding GA to cause a real reduction in chlorophyll formation in seedlings 
Sestäk and Ullman (1960) assume this to be caused by a shortage of material 
for pigment synthesis, due to the more rapid growth. 

In the roots gibberellic acid causes a large reduction in the total amount 
of chlorophyll per root with no increase in root volume and only an increased 
rate of elongation. This is at variance with the results of both Wolf and 
Haber and Sestak and Ullman. A more direct connexion between gibberellic 
acid and chlorophyll formation seems likely. Roots and leaves may behave 
differently, but an excessive formation of chlorophyll in parts of leaves not 
directly involved in elongation may also mask differences in the growing 
region. In roots the whole chlorophyll formation is usually restricted to one 
single cell layer, which may make them a favourable material for studies of 
these light actions. 

The very strong light inhibition of the meristematic activity is independent 
of the chlorophyll formation. 

Nothing is known about the pigment active as photoreceptor in root growth 
regulation. The action spectrum of Kohlbecker (1957) with no distinction 
made between effect on elongation and meristematic activity indicates some 
porphyrin compound but hardly more. The reversal by far red suggests that 
it is the same pigment as is active in most shoot responses, and it can safely 
by assumed that such is the case. The pigment is unknown, but its spectral 
characteristics are given by Butler et al. (1959). It can hardly be denied that 
the red form comes close to a spectrum of the chlorophyll type. It is interest- 
ing to note that in the dark-grown cotyledons employed by the Hendricks 
group just as in the roots, the chlorophyll spectra dominate in spite of the 
low chlorophyll contents of the organs. 

This does not mean that the chlorophylls themselves must be involved in 
the root growth reaction, even if such a possibility cannot be rejected at 
present. Some compound essential for the growth reaction may be formed 
in the photosynthesis, even if there is another photoreceptor for the light 
reaction itself. A third possibility is based on the influence of gibberellic 
acid both on the formation of chlorophyll and the peroxidase activity. If the 
acid is involved in porphyrin or pyrrole syntheses, it may like Fe also regu- 
late other compounds of that type, so that the connexion between chloro- 
phyll and the light growth reaction is indirect only, due to a simultaneous 
effect on some other pigment of the same character. 
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Summary 


The light inhibition of root growth has been studied on excised roots of 
wheat, It involves an inhibition of both meristematic activity and cell elon- 
gation. The two actions are independent of each other and are not connected 
with auxin or kinetin. The light inhibition of cell elongation depends upon 
the supply of iron and gibberellic acid. 

The cell elongation is light-insensitive in the absence of external iron 
supply. Iron causes an inhibition of the rate of cell elongation and the final 
cell lengths under an increased formation of chlorophyll in the roots. 

Gibberellic acid reverses the iron-induced inhibition of the cell elongation 
in the light but has no effect on elongation in darkness. This can also be 
called a reversal of the light-induced inhibition of the elongation in the 
presence of iron. It also reduces the formation of chlorophyll. It decreases 
the meristematic activity particularly in darkness. 

There is a close correlation between light inhibition and formation of 
chlorophyll. It is deduced tentatively that iron and gibberellic acid directly 
affect the chlorophyll formation. A connexion between chlorophyll formation 
and inhibition of cell elongation has been discussed. 


The study has been made possible through a grant from the Swedish Science Research 
Council. The author is indebted to Miss E. Persson and Miss A.-M. Palson for skillful 
technical assistance, to Dr. Niels Nielsen, Stockholm, for providing gibberellic acid, Prof. 
Folke Skoog, Madison, Wisc., for kinetin, and Prof. H. Veldstra, Leyden, for the preparation 
of di-n-amylacetic acid. 
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The author has previously published an analysis of the effects of the 
compounds of the vitamin Bs group on the growth of the Ascomycete 
Ophiostoma multiannulatum (Wikberg 1959). In the course of that work 
some anomalies in the growth responses of the fungal strains were noted 
when pyridoxamine phosphate or pyridoxal phosphate were used as sources 
of Bs. Both phosphates were utilized at a lower rate than the unphosphorylated 
form pyridoxamine by No 51 wild type, and by some pyridoxamine-requiring 
strains, e.g. W 366-10. In the present paper an attempt is made to elucidate 
the background of the divergent growth responses. 


Methods 


The activity of phosphatase was determined by measuring its ability to hydrolyze 
pyridoxamine phosphate to pyridoxamine. Two types of preparations were used 
for the assay: 1) washed conidia from a three-days old culture, maintained in shaken 
flasks, and 2) conidia from the same type of culture, that had first been freeze-dried, 
then suspended in cold acetone, and finally washed with cold acetone and ether. The 
solvents were maintained at the temperature of dry ice. Before use of the conidia, 
the ether was evaporated at room temperature. The assay was performed in the 
following way: A suspension containing about 0.3 mg. conidia dry weight, 2.0 mg. 
pyridoxamine phosphate, and 1.0 ml. acetate buffer, 0.05 M, pH 5.6, was incubated 
in a stoppered tube 18X 100 mm at 30° in a shaker. After 120 minutes the reaction 
was stopped by immersing the tube in boiling water for two minutes. The conidia were 
removed by centrifugation and 50 ul. samples of the supernatant fluid were chroma- 
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tographed on Whatman No 1 paper in n-propanol and 10 °/o formic acid, 4: 1 (Fasella 
et al. 1956). The pyridoxamine spots were identified by ultraviolet light, cut out 
from the paper and eluted with 0.1 M HC1 into 5 ml. flasks. The amount of vitamin 
was then determined in quartz cuvettes at 293 mu in a Beckman spectrophotometer. 
Under the conditions of the assay the amount formed was directly proportional to 
the enzyme content present. 


The methods used in the cultivation experiments have been previously described 
(Wikberg 1959). 


Results and Discussion 


Effects of the nutrient medium on the activity of phosphatase in cell sus- 
pensions. The result of the previous work indicated (Wikberg 1959) that 
pyridoxamine phosphate was utilized only with difficulty as a source of 
vitamin Bç. On a molar basis the vitamin phosphate resulted in a lower rate 
of growth than the unphosphorylated form pyridoxamine. A pyridoxamine 
phosphate hydrolyzing enzyme had been proved to exist in cell suspensions 
of such cultures. This enzyme was bound to the cells. In growth experiments 
with pyridoxamine phosphate supplemented medium it was therefore 
remarkable to note that the retarted growth persisted for several days, a 
fact which indicated the presence of unhydrolyzed pyridoxamine phosphate. 
The enzyme thus seemed to be set out of function under the conditions of 
the growth experiments. The most reasonable explanation was, of course, 
that phosphatase inhibiting substances were present in the medium. Con- 


Table 1. Activity of phosphatase in cell suspensions of Ophiostoma No 51, wild type, and 

W 366-10, pyridoxamine-less, in different media: Acetate buffer (HAc-Ac) 0.05 M, pH 5.6, 

and minimal medium (Min. med.). The additions to the buffer were as follows: potassium 
phosphate 1 g./liter, ammonium tartrate 5 g./liter, and asparagine 1 g./liter. 


nn. 


| | Pyridoxamine formed of, 
Exp. ! Strain Medium in 2 hours per mg inhibition 
conidia dry weight 
ng. 10? 
177, No 51 HACACH er rer 2.2 — 
| MINE ee 0.46 79 
2 : W 366-10 FACE CR cree 1.46 Se 
Min Met... tte 0.33 17 
3 No 51 HAc-Ac ..... nos eee 3.2 — 
| HAc-Ac + phosphate ... 2.1 34 
HAc-Ac + tartrate ...... 1.6 50 
No 51 |) HActAG Sinnen 21 — 
| HAc-Ac + asparagine ... 2.62 3 
HAc-Ac + phosphate 
| + tartrate .............… 0.21 | 92 
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sequently, the enzyme activity of cell suspensions of No 51, wild type, and 
W 366-10, pyridoxamine-less, was compared both in acetate buffer and in 
minimal medium (Fries’ medium 3), pH 5.6. As seen from Table 1, exp. 1 
and 2, the assumption of inhibition was verified for both strains. When 
acetate buffer was used as standard the inhibtion was 79 and 77 °/o, for the 
respective strains. 

As a consequence of this finding the following components of the medium, 
viz. potassium phosphate, ammonium tartrate and asparagine, were tested 
in acetate buffer for their effect on the activity of the enzyme. The concen- 
trations tested were the same as those used in the minimal nutrient medium: 
1 g., 5 g., and 1 g. per liter respectively. The pH was adjusted to 5.6. The 
result is shown in Table 1, exp. 3 and 4. Both the phosphate and the tartrate 
inhibit the enzyme, while the asparagine does not. Though the possible 
effect of potassium ions was not studied, the effect of potassium phosphate 
is ascribed solely to the phosphate ions since these are known to inhibit acid 
phosphatases (Roche 1950). 

Effect of phosphate on the utilization of pyridoxamine phosphate. The 
results reported above give strong support to the view that the lower growth 
rate observed in the medium supplemented with pyridoxamine phosphate 
was caused by the constituents potassium phosphate and ammonium tartrate. 


Table 2. Effect of phosphate on the growth (extinction values, Z) of No 51 wild type, and 
W ‘366-10, pyridoxamine-less, in shaken tube cultures with 0.1 mumol pyridoxamine or 
different amounts of pyridoxamine phosphate. Z values at 4, 6, and 8 days respectively. 


- - Concentration Extinction values, Z 
: Vitamin added e 
Strain of phosphate 
Dino Zen mol/liter 4 6 | 8 
Pyridoxamine | 
No 51 0.1 0.07 540 | 830 — 
0.1 0.17 600 850 — 
Pyridoxamine 
phosphate 
No 51 0.03 0.07 80 280 430 
0.03 0.17 110 140 140 
0.1 0.07 230 530 760 
0.1 0.17 180 280 630 
ae 0.07 980 — — 
3 0.17 320 — 
W 336-10 0.1 0.07 — ae — 
0.1 0.17 _- = = 
0.3 0.07 30 160 460 
0.3 0.17 — 30 140 
1 0.07 280 1300 = 
1 0.17 70 260 600 
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Additional evidence as to the effect of phosphate ions was obtained in the 
following way. No 51, wild type, and W 366-10, pyridoxamine-less, were 
cultivated in shaken tubes 1) in minimal medium (the phosphate concentra- 
tion of which is about 0.07 M) containing different amount of pyridoxamine 
phosphate, and 2) in minimal medium, which in addition to pyridoxamine 
phosphate, also was supplied with phosphate buffer, pH 5.6, to a final con- 
centration of 0.17 M. The buffer and the vitamin were added aseptically to 
the medium after autoclaving. A control series was also included, in which 
pyridoxamine was substituted for pyridoxamine phosphate. The results are 
compiled in Table 2. In the pyridoxamine series (only the tubes with 0.1 
mumol, vitamin are included in the table) the phosphate concentration had 
no influence on the course of the growth curves. On the other hand, the 
retarted growth, which is characteristic in the medium containing pyrid- 
oxamine phosphate, is still more pronounced after the addition of the phos- 
phate buffer. In some experiments total inhibition of growth was noted at low 
levels of the vitamin. In these cases pyridoxamine phosphate was not assi- 
milated at all. 

Assay of phosphate in acetone-treated cells. From Table 1 it may be inferred 
that the relative activity of enzyme in mutant cell was lower than in wild 
type ones. This observation represents one more difference between mutant 
and wild type. Another difference was previously noted by the author (Wik- 
berg 1959): the mutant shows a threshold response to pyridoxamine phos- 
phate. No growth is obtained below 0.3—1 mumol per 10 ml. medium. See 
also Table 2. | 

The results of the cultivation experiments reported above strongly indicate 
that some kind of permeability barrier hinders the uptake of pyridoxamine 
phosphate, which is the substrate of the phosphatase enzyme. Since living 
cells were used in the assay, it seemed worth while to compare these activity 
values with those of “total phosphatase activity” of the cells. For that purpose 
the assay was also performed with preparations of freeze-dried, acetone- 
treated cells. Table 3 presents the result of the assay for both wild type and 
mutant cells. It may be concluded that the difference between wild type and 
mutant persists also in term of “total phosphatase activity”. In addition it 
is noted that both. methods give about the same values. The results must 
mean that when the assay is performed also with living cells the major part 
of the enzyme is accessible to the pyridoxamine phosphate molecules. In 
view of the results from the growth experiments the inference must be 
made that most probably the enzyme is situated on the surface of the cell. 
This is in accord with observations made in yeast (Rothstein et al. 1948). 


1 (The conidia lost c. 49/o in weight by the acetone—ether extraction, but no correction 
for this was made). 
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Table 3. Phosphatase activity in three-days old conidia of Ophiostoma. Pyridoxamine 
formed, ug. 10? per mg. dry weight in 2 hours, from pyridoxamine phosphate in acetate 
buffer, 0.05 M, pH 5.6. 


Er 


: “ae Freeze-dried cells, treated 
Strain Living cells with acetone and ether 
No 51 20 13 2102 0604275 yap 3:944 (m: 92 2:8) 

(m.v. 2.6) 
W 366-10 1.31 ; 1.46 ; 1.64 1.63 ; 1.64 (m.v. 1.6) 
(m.v. 1.5) 


As regards the difference in enzyme content between wild type and 
mutant cells, the data are still to meager to permit conclusions concerning 
the possible relationship between phosphate production and vitamin Bg 
metabolism. 


Summary and Conclusions 


Some experiments were made to elucidate the cause of growth retardation 
of B;-requiring Ophiostoma, when cultivated with pyridoxamine phosphate. 
The primary cause seems to be the fact that the fungus is either completely 
unable to utilize pyridoxamine phosphate as source of vitamin Bg or can use 
it to a very limited extent. An acid phosphatase, probably situated in the cell 
membrane, is able to hydrolyze pyridoxamine phosphate to pyridoxamine. 
The hydrolysis is, however, inhibited by phosphate and tartrate of the 
nutrient medium, the result being a limited supply of pyridoxamine to the 
growing cells and thus a retardation of growth. By increasing the phosphate 
concentration of the medium, that is, increasing the degree of inhibition of 
the phosphatase, the growth retardation is still more pronounced. 

In the course of the work the observation was made that the phosphatase 
content of cells from a pyridoxamine-less mutant was lower than in cells 
from a wild type strain. 


This investigation was aided by a grant from the Swedish Natural Science Research 
Council. 
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Introduction 


Penicillium chrysogenum Thom is a fungus which is well known in con- 
nection with the production of penicillin. It may be distinguished from 
P. notatum Westling partially on the basis that it produces a yellow pigment 
which P. notatum does not (Raper and Thom 1949). The yellow pigment 
was first studied by Clutterbuck, Lovell and Raistrick (1932), who named 
it chrysogenin. In the early days of penicillin production, chrysogenin for- 
mation was regarded as a rough index of the penicillin yield to be expected 
in a fermentation. Somewhat later, because of the necessity of removal of 
the chrysogenin in order to obtain penicillin of high purity, mutant cultures 
of P. chrysogenum were obtained which did not produce the pigment 
(Anderson et al. 1953). 

Upon acidification of the culture filtrate of P. chrysogenum to pH 3.5 
(Clutterbuck et al. 1932), a flocculent precipitate, consisting of chrysogenin 
and protein, was produced. The precipitate was then extracted with ether, 
yielding an ether solution of the crude pigment. Chrysogenin was found 
to be extremely soluble in most organic solvents, but highly insoluble in 
petroleum ether or water. Thus the pigment could be purified by precipi- 
tation from the ether solution on the addition of petroleum ether. Chemical 
studies indicated an empirical formula of CisH>O6 or CisHisOs, with some 
preference for the former formula. Chrysogenin was shown to contain a 
quinol nucleus. It was concluded that there were two weak acidic groups 
in the molecule, but probably no free carboxyl. 
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Apparently little has been added to our knowledge of chrysogenin since 
the work of Clutterbuck et al. (1932). It is the purpose of the present paper 
to present further information concerning this pigment, chiefly about its 
spectra, which has led to an increased understanding of the structure of 


chrysogenin. 


Materials and Methods 


The organism studied was Penicillium chrysogenum Q-176, a culture of which 
was originally obtained from the Northern Regional Research Laboratory (now 
the Northern Utilization and Development Division), U. S. Department of Agri- 
culture, Peoria, Illinois. Stock cultures were grown on slants of Czapek’s agar. 
The liquid medium for submerged cultures was that of Moyer and Coghill (1946). 
Cultures were grown on a rotary shaker for approximately one week at room 
temperature in order to provide a source of the pigment for study. 


After isolation of the chrysogenin from culture filtrates and chemical purifica- 
tion, absorption spectra in the visible and ultraviolet regions were taken in two 
different solvents with a model DU Beckman spectrophotometer. The fluorescence 
spectrum was obtained using a model DU Beckman spectrophotometer modifed 
by having the sample tube in the position of the usual light source. Excitation 
was provided by a General Electric 100 watt mercury lamp, type S-4. The photo- 
multiplier was operated at full sensitivity, with a slit width of 0.5 mm. (Wolf 
1957). The infra-red spectrum was obtained with a Perkin-Elmer model 21 spectro- 
photometer, the pigment being examined in a KBr pellet. 


Results 


Preliminary attempts were made to isolate the pigment by the method 
of Clutterbuck et al. (1932), or by slight modifications thereof. When the 
culture filtrate was acidified to pH 3.5, a precipitate formed which appeared 
to be partly proteinaceous and partly composed of the pigment, but much 
of the chrysogenin remained in solution. The solution and precipitate were 
then transferred to a separatory funnel and extracted several times with 
ether. This procedure resulted in a nearly quantitative transfer of the pig- 
ment trom the culture filtrate into the ether layer. Attempts were next made 
to extract the culture filtrate directly with ether, without preliminary acidi- 
fication, but this resulted in failure. 


The ether extract of the pigment was filtered, dried by the addition of 
anhydrous Na5SO,, and reduced in volume. When the ether solution of the 
pigment was passed through a 110 cm. alumina column, the chrysogenin 
was adsorbed at the top of the column, and could be eluted with 1/10 —N 
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HCl. Upon neutralization of the HCl solution, the color intensity of the 
pigment became much more pronounced. 

The usual procedure employed with an ether extract of the pigment, dried 
by the addition of anhydrous NagSO, and reduced in volume, was to add 
petroleum ether in excess and place the material in a refrigerator over- 
night. Orange crystals of chrysogenin separated out by the following morn- 
ing. Chrysogenin prepared in this manner was used in all of the spectro- 
photometric studies. 

Ether solutions prepared from the crystalline pigment were first exa- 
mined. In the ultra-violet there is a principal absorption peak near 365 mu 
and a second slightly smaller peak near 270 mu. Minima occur at 245 mu 
and at 320 mu (Figure 1 A). There are no absorption peaks in the visible 
region. From the 365 mu maximum, the absorption decreases very rapidly 
at longer wavelengths. Minimal absorption occurs in the remainder of the 
visible region above 450 mu (Figure 2 A). 

The absorption characteristics of aqueous solutions of chrysogenin appear 
to differ considerably from those of this substance in ether solution. The 
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On Figure 2. Visible absorption spectrum of chryso- 


| genin in ether (A) and water (B). 
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differences are most striking in the ultra-violet (Figure 1B). The principal 
absorption peak of chrysogenin in water is found near 295 mu, with a smal- 
ler peak near 375 mu (Figure 2 B). Minima occur at 245 my and at 350 mu. 
At wavelengths above 375 mu, the absorption decreases very rapidly, as in 
ether solution, and becomes minimal at wavelengths above 450 mu. 

Differences in the spectra of chrysogenin in water and ether may be 
summarized as follows: 

1. The 365 mu peak in ether is shifted to 375 mp in water. 

2. The 270 mu peak in ether is shifted to 295 mu in water. 

3. The principal peak in ether solution has the longer wavelength; in 
water, the shorter wave length peak is the principal one. 

4. The minimum at 245 mu remains unchanged, but the longer wave 
length minimum, like the maxima, moves to a still longer wavelength as 
the solvent is changed from ether to water. 

In spite of the vast amount of work which has been done with P. chry- 
sogenum in the course of penicillin fermentations, and the countless obser- 
vations which must have been made, in an incidental fashion, upon the 
pigment chrysogenin, the writers have found no mention of its fluorescent 
properties in the literature. It came as a distinct surprise, in February, 1959, 
when first culture filtrates and later solutions of crystalline chrysogenin 
were examined with an ultra-violet lamp (Mineralight SL2537, Ultra-Violet 
Products, Inc., San Gabriel, Cal.) to find that they were strongly fluorescent. 
The fluorescence spectrum in aqueous solution (Figure 3) shows a very 
broad peak in the region 460—520 mu. In ether solution, there is a large 
amount of quenching of the fluorescence, and the fluorescent intensity at 
any given wavelength is reduced to a small fraction of that characteristic 
of aqueous solutions. 

The infra-red absorption spectrum of chrysogenin, which was examined 
in a KBr pellet, is shown in Figure 4. There is a rather prominent peak 
at 3450 cm.~' which is interpreted as —OH stretch. The small peak at 3000 
cm. lis interpreted as —CH stretch. The small peak at 1740 cm.-! is due 


Figure 3. Fluorescence spectrum of 
chrysogenin in water. 
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Figure 4. Infra-red absorption spect- 
rum of chrysogenin. 


to a free C=O group, and the large peak at 1630 cm.~! to a bonded C=O 
group. The small peak at 1450 cm.~? is ascribed to the —CH3 group. The 
larger peak at 1380 cm.~! is interpreted as methylene scissoring. The pro- 
minent peak at 1000 cm.~? is indicative of C—OH stretch. There is a general 
absence of absorption bands in the 1000-—700 cm.-! region. 


Discussion 


The chemical studies of Clutterbuck et al. (1932) together with the infra- 
red spectrum of chrysogenin obtained in the present work provide a basis 
for obtaining further insight into the structure of the chrysogenin molecule. 
Upon comparison of the infra-red spectrum of chrysogenin with those of 
15,500 compounds listed by Sadtler (1959), a very striking resemblance 
was noted between the spectrum of chrysogenin and that of 2-methanol- 
4,5-dihydroxy-7-methoxy anthraquinone (Sadtler number 10282). This is 
an aromatic compound, but like chrysogenin has no peaks in the region 
of 1000—700 cm.-! where absorption peaks might be anticipated, This 
would suggest the possibility of masking of the characteristic absorption 
bands by substituent groups. The fluorescence of chrysogenin strongly 
suggests that the molecule is aromatic. 

If one should exclude 2-methanol-4,5-dihydroxy-7-methoxy anthraqui- 
none from consideration, the infra-red spectrum of chrysogenin bears a 
close resemblance to that of chrysophanic acid (2-methyl-4,5-dihydroxy 
anthraquinone, Sadtler number 3579). Raistrick (1950), in a summary of 
results obtained by himself and other workers, has described a number of 
anthraquinone metabolites of various fungi, and observed that, without 
exception, all of these are derivatives of chrysophanic acid. If one should 
exclude from consideration both of the compounds just mentioned, there 
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is a good resemblance of the infra-red spectrum of chrysogenin to that of 
3-methyl-1,6-dihydroxy anthraquinone (Sadtler number 3563). 

While the present data do not provide a final answer to the structure of 
the chrysogenin molecule, it would appear evident, on consideration of 
the infra-red spectra of Sadtler (1959) and from the structures of known 
anthraquinone derivatives produced by fungi, as summarized by Raistrick 
(1950), that chrysogenin must be a methyl polyhydroxy anthraquinone. 
Examples of compounds of this type produced by fungi include helmintho- 
sporin from Helminthosporium gramineum, H. catenarium, H. tritici- 
vulgaris and H. cynodontis; islandicin, from Penicillium islandicum; cyno- 
dontin, from Helminthosporium cynodontis, H. euchlaenae, and H. avenae; 
emodin, from Dermocybe sanguineae; physcion from 17 strains or species 
of the Aspergillus glaucus group; catenarin, from Helminthosporium cate- 
narium, H. gramineum, H. velutinum, and A. tritici-vulgaris; and erythro- 
glaucin, from 15 species or strains of the Aspergillus glaucus group (Rai- 
strick, 1950). 

Since all of the known methyl derivatives of polyhydroxy anthraquinones 
produced by fungi have the methyl group in the 2-position, it would seem 
reasonable to suppose that this may be true of chrysogenin also, but there 
is no proof that this is the case. According to Raistrick, Robinson and Todd 
(1934), among polyhydroxy anthraquinones, fluorescence is a property of 
only those compounds which are derivatives of quinizarin (1,4-dihydroxy 
anthraquinone). Since chrysogenin is fluorescent, this consideration would 
support the idea that its molecule bears hydroxyl groups in the 1- and 4- 
positions. 

The shifts in positions of the peaks in the absorption spectra in the ultra- 
violet and visible regions reflect some type of interaction between chryso- 
genin and the solvents. This might be conceivably related to the ionization 
of one or more phenolic —OH groups in water. It will be recalled that 
Clutterbuck et al. (1932) established by titration the existence of two weakly 
acidic groups in the chrysogenin molecule. On this basis, the enhancement 
of fluorescence in aqueous solution could be due to increased conjugation 
of aromatic structures resulting from such an ionization. 


Summary 


1. The absorption spectra of chrysogenin, the yellow to orange pigment 
produced by Penicillium chrysogenum, have been studied in the ultra-violet 
and visible regions. In ether solution, there are two absorption maxima at 
270 mu and at 365 mu. In water, the positions of the maxima are shifted 
to 295 mu and 375 mu. 
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2. Chrysogenin is a fluorescent compound. Its fluorescence maximum in 
aqueous solution is very broad, in the 460—520 mu region. 

3. Evidence obtained from infra-red spectra indicates that chrysogenin 
has the structure of a methyl polyhydroxy anthraquinone. 


Present address of Y. T. Kim, 48 Shinkyo-dong, Chongno-ku, Seoul, Korea. 


References 


Anderson, R. F., Whitmore, L. M. Jr., Brown, W. E., Peterson, W. H., Churchill, B. W. 
Roegner, F. R., Campbell, T. H., Backus, M. P. & Stauffer, J. F.: Pigment-free P. chry- 
sogenum. — Industrial and Engineering Chem. 45: 768. 1953. 

Clutterbuck, P. W., Lovell, R. & Raistrick, H.: Studies in the biochemistry of micro- 
organisms. XXVI. The formation from glucose by members of the Penicillium chry- 
sogenum series of a pigment, an alkali-soluble protein and penicillin — the anti- 
bacterial substance of Fleming. — Biochem. Jour. 26: 1907. 1932. 

Moyer, A. J. & Coghill, R. D.: Penicillin. IX. The laboratory scale production of penıcil- 


lin in submerged cultures by Penicillium notatum Westling (NRRL 832). — Jour. 
Bact. 51: 79. 1946. 

Raistrick, H.: A region of biosynthesis. -— Proc. Royal Soc. London, Series B 136: 481. 
1950. 


— Robinson, R. & Todd, A. R.: Studies in the biochemistry of micro-organisms. XXXVII. 
A. On the production of hydroxy anthraquinones by species of Helminthosporium. 
B. Isolation of tritisporin, a new metabolic product of Helminthosporium tritici-vulga- 
ris Nisikado, C. The molecular constitution of catenarin. — Biochem. Jour. 28: 559. 
1934. 

Raper, K. B. & Thom, C.: A Manual of the Penicillia. — ix plus 875 pp. Williams and 
Wilkins Co., Baltimore, Md. 1949. 

Sadtler, S. P.: The Sadtler Standard Spectra. Spectra numbers 1—15,500. — Sadtler 
Research Laboratories, Philadelphia, Pa. 1959. 

Wolf, F. T.: The fluorescent pigment of Aspergillus repens. — Physiol. Plantarum 10: 825. 
1957. 


Physiol. Plant., 13, 1960 


PHYSIOLOGIA PLANTARUM VOL. 13, 1960 


Enthalpy Changes Accompanying the Growth of 


Saccharomyces cerevisiae (Hansen) 
By 


EDWIN H. BATTLEY 


Department of Botany, Dartmouth College 
Hanover, New Hampshire 
(Received March 23, 1960) 


Introduction 


In a previous investigation (Battley 1), equations were established which 
represent the growth of Saccharomyces cerevisiae (Hansen) on glucose 
(anaerobically and aerobically), ethanol and acetic acid. Expressed in terms 
of aqueous standard states, these are as follows: 


(1) Anaerobic growth on glucose: 
CçHy2O6 (aq) +0.12 NH3 (aq) > 1.54 CO: (aq) +1.30 CH3;CH,OH (aq) 
+0.43 C3HgO3 (aq) +0.59 (CH: 7350045 No.) 
(2) Aerobic growth on glucose: 
CgH120¢ (aq) +3.84 O2 (aq) +0.29 NH; (aq) > 4.09 CO; (aq) +4.72 H2O (1) 
+1.95 (CH1.7200.44N0.ı5) 
(3) Aerobic growth on ethanol: 
CH3CH20H (aq) +1.82 O3 (aq) +0.15 NH3 (aq) — 0.97 CO; (aq) +2.31 H>O (1) 
+1.03 (CHy.7200.41No.15) 
(4) Aerobic growth on acetic acid: 
CH3COOH (aq) +1.35 O2 (aq) +0.09 NH3 (aq) — 1.38 CO; (aq) +1.65 H>O(1) 
+0.62 (CHy.6200.44No.15) 


The above equations can be used as a basis with which to study the ther- 
modynamics of the process of microbial growth. A necessary part of such a 
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study is to measure experimentally the heat evolved during the course of the 
reactions represented by these equations. The purpose of this investigation 
was to attempt such measurements. 


Methods 


a. Design and construction of the calorimeter. Because of the simplicity of its 
construction and operation, the calorimeter used in this investigation was essen- 
tially the same as that described by Winzler and Baumberger (13). However, 
a few modifications were found necessary in order to adapt the instrument to 
experiments of long duration under sterile conditions. 

The calorimeter vessel was replaced by an ordinary wide-mouth vacuum bottle 
having a capacity of one quart. The top of the vessel was closed with a large rubber 
stopper through which passed the various leads into the vessel itself. The whole vessel 
assembly could be autoclaved. 

A magnetic stirrer was used to agitate the culture medium. 

The copper-constantan thermopile contained 50 junctions. 

The Beckman differential thermometer was inserted into the calorimeter vessel, 
rather than placed in the bath. This was found to give a more constant indication 
of the temperature changes in the vessel. 

A Leeds and Northrup Type P wall galvanometer with a coil having a sensitivity 
cf 0.5 uv./mm. at a distance of 3 m. was used. Since the thermal e.m.f. of copper 
against constantan is 43 uv./°C. (catalog R-46, pub. by the Driver-Harris Co.), 
the sensitivity of the galvanometric system was 0.00046°C./mm. deflection. During 
the course of an experiment the deflection seldom varied more than 1 mm., and thus 
it was possible for the temperature of the bath to differ from that af the calorimeter 
vessel by no more than this amount. In practice, however, the heat produced by 
the mechanical action of the magnetic stirrer had to be drained off. For this 
reason the temperature of the bath was held slightly lower than that of the calori- 
meter vessel. 

The greatest difficulty in modifying Winzler and Baumberger’s instrument for 
growth-experiments was in finding a suitable light source for the optical lever. Most 
filament lamps of a suitable wattage to be used as a light source for a 3 m. optical 
lever tend to diminish in intensity over a period of hours due to the evaporation 
of metal from the filament onto the inside surface of the glass envelope. Thus, 
during an experiment of 20—30 hours the thermal balance of the calorimetric 
system could alter appreciably and unpredictably. This difficulty was eliminated 
by the use of a 100-watt mercury arc lamp (General Electric Projection Spot H-4), 
the intensity of which remained constant for the period of a growth-experiment 
during a month or more of continuous use. 

Two types of proportional temperature control were investigated and both were 
found to be equally satisfactory. One was a magnetic amplifier used with a photo- 
voltaic cell as the signal source. The diagram for the magnetic amplifier circuit 
is given in Figure 1. The other was a modification of the original (Winzler and 
Baumberger 13) thyratron circuit for analogue control. 

c. Culture medium. The medium used for these experiments was the same as that 
described previously (Battley 1). The calorimeter vessel contained 200 ml. of medium 
for the anaerobic experiments, and 100 ml. for the aerobic experiments. 
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Figure 1. Diagram showing the electrical cir- 
cuit of the magnetic amplifier which was used 
to replace the original thyratron circuit of 
Winzler and Baumberger (13). The symbols 
of the diagram represent the following: Sı 
(signal switch); Sa (bias switch); Ss (power 
switch); Sa (output switch); Ss; (linearity 
switch); F1 (fuse, 0.010 amp.); Fe (fuse, 
1 amp.); Ri (6 K); Ra (2200 ohms); Ra (5.0 K 
pot.); Ra (10 K); Rs (4 K); Re (2.5 K pot.); 
Rz (1.5 meg.); T1 (1:1 isolation xfmr); Te 
(dropping xfmr); N, and No (2400 turns); 


ee F N, (6 turns); N, (350 turns); N, (30,000 turns) ; 
5; Ry Lı (green pilot light) and La (red pilot light). 
€ & indicates instantaneous polarity. 
SIGNAL 


+ 


d. Organism used. The organism used in these experiments was Saccharomyces 
cerevisiae (Hansen), strain 8 : 1 : 1, from the culture collection of the Hopkins Marine 
Station, Pacific Grove, California. 

e. Calorimetric correction factors. The calorimetry of biological reactions requires 
the consideration of any possible sources of heat other than those of the reaction 
itself. Correction for side-reactions such as the solubilization of gases, the neutraliza- 
tion of bases, and the vaporization of water and of volatile products is of the utmost 
importance if completely ambiguous results are not to be obtained. Most physical 
factors can be eliminated by the proper design of the calorimeter. However, chemical 
factors have to be included in the calculation of the true amount of heat produced 
by the growth-reaction. 

The enthalpy changes accompanying the side-reactions considered in biological 
calorimetry can be calculated through the use of the standard enthalpies of formation 
of the reactants and products, in the conventional manner (Klotz 8, Paul 9). The 
values of the standard enthalpies of formation which have been used in these 
calculations are given in Table 1. The assumption was made that all biological 
reactions can be regarded as taking place in an aqueous environment, and for this 
reason the values of the aqueous standard state were employed in the calculations 
whereever necessary. 

Corrections were made for the formation of ammonia (with the assumption that 
this is the form in which the nitrogen is actually taken up by the cells (5); for the 
heat of solution of the Og(g) used in the aerobic experiments (6); for the formation 
of HCO; (aq) at pH 6.55 (7), and for the evolution of CO (g) into the gas phase of 
Ihe calorimeter vessel from the CO (aq) produced by the growth-reactions (8); 
for the vaporization of ethanol in the anaerobic glucose growth-reaction (9); for 
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Table 1. Standard enthalpies of formation for substances participating in the growth- 
reactions. The data are for 298.16°C. and 1 atmosphere. 
—_————.————__—__—_—————.—.—...———.. ee 


Substance Standard enthalpy of Reference or method of 
formation (Kcal./mole) calculation 
a LE nm he Me bee en + + | 
Baer. Ven 0.00 by convention 
SE GOT PME TEA TRE — 54.957 Rossini et al (12) 
CR GS aa ee eee 0.00 by convention 
OA D enr — 3.8 Rossini et al (12) 
SOM bea: es ner. 68/317 ibid. 
ONE er — 94.052 ibid. 
COR ag) eat cnc sy ashe. — 98.690 ibid. 
HCO (aq) +... — 165.4 ibid. 
Se nn. — 17.889 ibid. 
CH,COOH (aq)......... 116.743 ibid. 
CH,CH,OH (g) ......... — 56.24 ibid. 
CH,CH,OH (aq) ...... — 68.85 (in 200 vol. H,O), ibid. 
CO (Gta) re. — 161.30 Burton and Krebs (2) plus heat of 
solution, I.C.T. (7) 
| a-D-glucose (aq) ...... — 302.03 Huffman and Fox (6) plus heat of 
solution, Hendricks et al (5) 
Mag were — 19.35 Rossini et al (12) 
NGI er AQ) u. — 31.74 ibid. 


the solution of ethanol from the gas phase in the aerobic ethanol growth-reaction 
(10); and for the neutralization of the OH (aq) produced by the utilization of the 
sodium acetate in the acetic acid growth-reaction (11), through the use of the 
following equations and the values in Table 1. 


(5) NH," (aq) +OH™ (aq) > NHs3(aq) + H20 (1) 


(6) O2(g) > O2(aq) 

(7) CO: (aq) + H20 (1) >HCOs7 (aq) + H* (aq) 
(8) CO2(aq) >COz(g) 

(9) CH;CH20H (aq) -CH3CH20H (g) 

(10) CH;CH2OH (g) >CH3CH20H (aq) 

(11) H* (aq) +OH (aq) >H20 (1) 


With respect to calculations (7), (8), (9) and (10) the volume of the calorimeter 
vessel was measured as 760 ml. and the volume of the liquid phases at 100 ml. and 
200 ml. for the aerobic and anaerobic experiments respectively. The distribution 
of the CO, species between the gas and liquid phases was calculated taking the 
mean molecular coefficient of absorption as 803 at 25°C. (Dorsey, 4), 728 mm. 
Hg as the partial pressure of CO,(g) saturated with H,O(g) at 25°C. (Dorsey 4), and 
the equilibrium constant for equation (7) as 44X1077 (Rabinowitch 10). The pH 
of the media at the finish of the growth-reactions averaged 6.55. In the calculation 
of the phase distribution of the ethanol, Raoult’s law was assumed to hold for a 
dilute solution of ethanol and the mole fraction of ethanol in the gas phase above 
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Table 2. Enthalpy changes accompanying the growth of yeast anaerobically on glucose, 
and aerobically on glucose, ethanol and acetic acid. All results are expressed in small 


calories. 
Be et 
m mo- Corrections 
i : Exp.| les of | Observed Corr. 
Growth-reaction matt snes AH à CO, NE ee de AH 
trate 2 sp: 3 | hanol 
1. Anaerobic growth 
on glucose | 
A. unstirred 
medium ........- 1° 33.3 — 754.6 0 | 50.0 | — 3.9 0 0 — 800.7 
2203333 — 756.2 0 | 50.0 | — 3.9 0 0 — 802.3 
35 93.3 — 741.8 0 |50.0 | — 3.9 0 0 — 787.9 
4 |11.1 — 252.9 0 116.7 | — 1.3 0 0 — 268.3 
5 2.22 | — 50.6 0 3.3 | — 0.3 0 0 — 53.6 
Grit — 256.2 OL Altern —— 1.3 0 0 — 271.6 
B. stirred medium} 1 | 11.1 — 164.0 0 | 39.5 — 1.3 41.1 0 — 243.3 
2 111 — 176.0 0 |39.5 | — 1.3 41.1 0 — 255.3 
eae Lael, = 1602121 0 | 39.5 | — 1.3 41.1 0 — 246.4 
2. Aerobic growth on | 
glucose 7... 1 0.555| — 264.4 | — 8.1) 7.0 | — 0.2 0 0 — 263.1 
2 0.555] —- 261.0 | — 8.1, 7.0 | — 0.2 0 0 — 259.7 
3 0.555, — 276.0 | — 8.1, 7.0 | — 0.2 0 0 — 274.7 
3. Aerobic growth on | | 
éthanol ac 1 0.997| — 212.0 | — 6.9| 3.0 | — 0.1  — 5.1 0 — 202.9 
2 0.997| — 212.8 | — 6.9} 3.0 | — 0.1 — 5.1 0 — 203.7 
4. Aerobic growth on 
acetichacide cee 1 1.22 | — 219.0 | — 6.3| 5.2 | — 01 0 |—16.3| — 201.5 
0 2 1.22 | — 210.6 | — 6.3] 5.2 | — 0.1 0 |—16.3| — 193.1 


pure ethanol was taken at 0.104 (International Critical Tables, 7). The values for 
the corrections applied to the enthalpy measurements of the growth-reactions are 
given in Table 2. 

g. Physical conditions of the calorimetric experiments. The experiments were 
conducted at a temperature between 29 and 30 °C. This inexactness was due to the 
fact that the operation of the calorimeter did not permit an exact reproduction 
of the equilibrium temperature at the start of each succeeding experiment. A 
calorimetric system making use of the Peltier effect could eliminate this difficulty. 
The anaerobic experiments were carried out under a gas phase of pure N, and 


the aerobic experiments under pure O3. Gas was not passed through the calorimeter 
vessel after the initial equilibration. 


Results 


The results of the calorimetric experiments are given in Table 2. Initially, 
the anaerobic experiments were not stirred because there was no need to keep 
the medium saturated with O:{aq). A confusing situation arose when, to test 


any discrepancy between the anaerobic and the aerobic experiments, an 
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experiment was conducted which was identical in every respect except that 
the medium was stirred. This and two other experiments of the same kind 
resulted in the observation of a considerably lower heat of reaction. They 
also required a longer time for the reaction to be completed and were not 
quite so reproducible as those in which the medium was not stirred. These 
different results were apparently due to the fact that stirring caused a far 
greater vaporization of the ethanol formed during the growth-reaction, and 
to the fact that a greater amount of CO:(g) entered the gas phase. In the 
experiments in which the medium was not stirred it seems likely that very 
little CO2(g) and CH3CH2OH(g) entered the gas phase at all, and that 
consequently the observed heat of reaction approached closely the true 
enthalpy change of the growth-reaction. This is because the CO;,(g) and 
CH3CH20H(g), being heavier than the other gases in the system and being 
evolved slowly and in an even layer from the aqueous phase, would tend 
to remain in a thin, saturated layer at the interface during the short time 
of the experiment. Upon opening the calorimeter immediately after an 
experiment of this kind the medium was found to be supersaturated with 
CO:(aq), as demonstrated simply by sucking up a small amount of the 
medium in a pipette, where upon a large number of gas bubbles appeared 
in the pipette because of the slight negative pressure. 

Two typical curves showing the heat evolution plotted against time for 
the anaerobic glucose growth-reactions are given in Figure 2. A similar 
curve for the aerobic glucose growth-reaction is given in Figure 3. As might 


Figure 2. Graph showing heat production plotted 
against time with respect to the anaerobic growth 
of yeast on glucose. Curves A and B represent 
experiments in which the nutrient medium was, 
and was not stirred, respectively. These curves 
illustrate the necessity of considering the effects of 
vaporization of products of the growth-reactions. 
The values for the last two points on the two 
curves are 0.480 and 0.482, and 0.934 and 0.917°C. 
for curves A and B respectively. Curve B would 
eventually have dropped down to the same value 
as curve A. As shown by curve A, little or no heat 
is produced after the substrate has become ex- 
hausted. 


à7T=0.917°C 
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Oma Sal O15 202225 2 307.35 
HOURS 


Physiol. Plant., 13, 1960 


634 EDWIN H. BATTLEY 


01 


AT=0.776°C 


00 


Figure 3. Graph showing heat production plotted 
against time with respect to the aerobic growth of 
yeast on glucose. The graph illustrates the exponen- 
tial nature of the curve and the near absence of 
heat production after the substrate has become ex- 
hausted. The values for the last two points on the 
curve are 0.774 and 0.776°C. respectively. 


OR SEE 101555 205525050) 
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be expected, these curves are not unlike those obtained when growth is 
measured by other criteria, such as increase in turbidity, or protein nitrogen. 

In accord with the findings of Winzler and Baumberger (13). there was 
no further rise in temperature after the fermentation of glucose had ceased. 
In addition, little, in any, rise in temperature occurred after growth had 
ceased, within the time limits of the aerobic calorimetric experiments. These 
two observations suggest that no reserve stores of fermentable or oxidizable 
substances are accumulated within the organism during logarithmic growth 
under the conditions of these experiments. The corrected values for the 
enthalpy changes accompanying four growth-reactions, per mole of substrate 
consumed, were found to average —23 kcal. for anaerobic growth on glucose, 
and —479, —204 and—162 kcal. for aerobic growth on glucose, ethanol and 
acetic acid respectively. 


Discussion 


The criticism can at once be made that it is thermodynamically unsound 
to use thermochemical data valid for 25°C. in the calculations employed in 
this investigation, and to run the experiments at 30°C. This was done because 
the temperature optimum for Saccharomyces cerevisiae lies between 28— 
30°C. (Richards 11). The difference in the amounts of products at this higher 
temperature was considered to be not significantly different from those 
found at 25°C., and the shorter length of time required for growth was 
more convenient experimentally. 
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Other correction factors, such as the enthalpy change accompanying the 
phosphorylation’ of glycerol in the anaerobic glucose growth-reaction 
(Battley 1) might have been used, but were small enough to be neglected. 
Corrections were also considered for the reactions in which various ions are 
removed from solution and enter the cells. These could not be made because 
of a lack of data with which to make the calculations. However, except for 
a very small amount of sulfur which becomes reduced within the cells, it 
seems quite probable that the thermodynamic states of the various ionic 
species within the cells are not markedly changed at the end of the growth- 
reactions from what they are in solution, and thus would not contribute 
appreciably to the observed enthalpy changes. This assumption excludes the 
possibility that high-energy phosphate or sulfate molecules may exist in 
quantity within the cells after cessation of growth. 

A major objective of these studies was to establish whether or not a 
predictable relationship exists between the amount of energy initially 
available to the reaction system and the amount of energy contained in the 
cellular products of the growth-reactions. This cannot be done without 
making some initial rationalizations with which to link the two quantities. 

The work of Clifton (3), and Winzler and Baumberger (13) has shown 
that certain compounds such as dinitro phenol (DNP) can block the assi- 
milatory processes of yeast cells without hindering the degradative processes. 
Thus, if one conceives of calorimetric experiments which are identical to 
those just described except for the fact that DNP has been added to the 
reaction system, one can conclude that the system is then capable of under- 
going a maximum change in free energy, enthalpy and entropy. For example, 
if glucose were the substrate under consideration, the mechanism is still 
present which will allow its complete oxidation to CO; and H20 under 
aerobic conditions. Since there is as much DNP at the end of the experiment 
as at the beginning, it does not thermochemically enter into the reaction 
system. In the reaction concerned all of the available free energy would be 
converted into enthalpy and entropy, and the measurable heat of reaction 
would be at a maximum. Such a reaction can be called a non-conservative 
reaction. However, if the DNP is left out of the system growth can occur. 
In this case, even though all of the substrate is consumed, the measurable 
heat of reaction is less than maximum and one must conclude that some of 
the free energy which is potentially available for expenditure has been 
conserved somewhere within the reaction system. For this reason a growth- 
reaction can be called a conservative reaction, and the conclusion can be 
made that the energy which has been conserved must reside in the products 
of the growth-reaction which are different from those of the relative non- 
conservative reaction. The non-conservative reactions relative to the con- 
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servative reactions (growth-reactions) represented by equations (1), (2), (3) 
and (4) would thus be represented by equations (12), (13), (14) and (15). 


(12) Anaerobic growth on glucose: 
CçHy2O (aq) = 7 CO: (aq) +2 CH;CH>0H (aq) 


(13) Aerobic growth on glucose: 
CH 120; (aq) +6 02 (aq) erh CO; (ag) +6 H20 (1) 


(14) Aerobic growth on ethanol: 
CH3CH2OH (aq) +3 Oe(aq) —— 2 CO2(aq) +3 H20(1) 


(15) Aerobic growth on acetic acid: 
CH3COOH (aq) +2 O2(aq) —— 2 CO2(aq) +2 H20 (1) 


Using the values in Table 1, the enthalpy changes per mole of substrate were 
calculated to be — 33.05, —677.21, —322.08 and —209.67 kcal. for the non- 
conservative reactions represented by equations (12), (13), (14) and (15) 
respectively. In Figure 4 these values are plotted against the corrected ent- 
halpy changes of the different growth-reactions. It is evident that a close, 
but not exact, proportional relationship exists. 

The molar efficiency with which enthalpy is conserved in a growth- 
reaction can be defined and calculated by means of equation (16), where 
AHxc represents the enthalpy change of the non-conservative reaction, and 
AH represents the enthalpy change of the conservative reaction. 


(16) „Per cent efficiency en AHyc—AH 90 
with respect to enthalpy AHxc 


if it happens that the only product of the growth-reaction which is different 
from those produced in the relative non-conservative reaction is the cellular 
material, then the above efficiemcy is a direct measure of the amount of 


Figure 4. Graph showing heat production of 
the different growth-reactions plotted against 
the enthalpy changes of the relative non-con- 
servative reactions. Point A refers to anae- 
robic growth on glucose, and points B, Cand 
D to aerobic growth on acetic acid, ethanol 
and glucose respectively. The average slope 
of the line is 0.712. 
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enthalpy conserved in the substance of the cells. However, in the case of 
glucose fermentation the conserved enthalpy is not confined to the cellular 
material only, but is also found in the glycerol which forms an additional 
product of the growth-reaction. To determine the efficiency with which the 
enthalpy has been conserved in the cellular material, this enthalpy must first 
be separated from the rest of the conserved enthalpy. This can be done by 
carrying out a theoretical oxidation to CO2(aq), H20(1) and NH3(aq) (since 
the nitrogen was supplied originally as ammonia) of the cellular material 
and glycerol produced in the growth-reaction. In this manner the enthalpy 
lost from each reactant, relative to a common reaction (i.e., oxidation) can 
be found. By inserting the proper values into equation (1) together with 
the AH for the reaction, the enthalpy of formation of the cellular material, 
per mole of glucose fermented, was calculated to be —16.50 kcal. When 
this value was inserted into equation (17), the AH for the oxidation of the 
cellular material was calculated to be —64.88 kcal. 


(17) Theoretical oxidation of the cellular products of the reaction represented 
by equation (1). 


0.59 (CH, .7500.45No.20 2% 0.59 CO: (aq) + 0.34 HO(1) 
+0.63 O2 (aq) +0.12 NH3(aq) 


This AH plus that calculated for the oxidation of 0.43 moles of glycerol 
(—169.74 kcal.) gave —234.62 as the AH resulting from the oxidation of 
both products. Of this energy, —64.88/— 234.62, or 27.6 per cent is equivalent 
to the energetic contribution of the cellular material in terms of enthalpy. 
This percentage, multiplied by the percentage of the total enthalpy con- 
served in the anaerobic glucose growth-reaction gives 8.4 per cent as repre- 
senting the proportion of the total enthalpy which is conserved in the form 
of cellular material. The molar efficiencies with respect to total enthalpy 
conservation were calculated to be 30.3 per cent for anaerobic growth on 
glucose, and 29.2, 36.6 and 22.6 per cent for aerobic growth on glucose 
ethanol and acetic acid respectively. 

It is evident that the efficiencies of different growth-reactions cannot be 
compared unless the same substrates are involved. This happens in the 
case of glucose oxidation and fermentation, and therefore one could expect 
to find 29.2/8.4, or 3.5 times as much enthalpy conserved in cellular material 
aerobically as anaerobically. However, comparisons cannot be made directly 
with respect to different substrates such as ethanol and acetic acid because 
these molecules differ as to enthalpy content per mole (relative to a com- 
plete oxidation). This difficulty can be avoided by making all substrates 
comparable through a calculation of their average potential enthalpy per 
41 Physiol. Plant., 13, 1960 


638 EDWIN H. BATTLEY 


unit carbon atom. These average enthalpies can be calculated by means of 
equation (18), where ‘nC’ represents the number of carbon atoms in the 
substrate molecule. The values were calculated to be —5.5 kcal. per unit carbon 


AHxc 
(18) AH/unit carbon atom = 
nC 
per mole for glucose fermentation, and —112.8, —161, and —104.8 kcal. 


per unit carbon atom per mole for the oxidation of glucose, ethanol and 
acetic acid. In order to make the efficiency of the anaerobic glucose growth- 
reaction directly comparable to the oxidative growth-reactions, it must be 
related to the non-conservative enthalpy change of glucose oxidation. This 
can be done by dividing the value for the total conserved enthalpy in the 
fermentative growth-reaction by the value for the non-conservative glucose 
oxidation, to give —10/—677, or 1.5, per cent relative molar efficiency. To 
convert the relative per cent efficiency to the absolute efficiency the former 
would have to be multiplied by the factor (AHyc glucose oxidation/AHxc 
glucose fermentation) to give a value of 30.7 per cent. 

Since it must be the genetically-determined structure of the cells which 
ultimately determines the efficiency with which enthalpy is conserved in 
cellular material, a comparison of the latter with the average potential 
enthalpy per unit carbon atom of the substrate would show if a definite 
relationship exists between them, and thus between the mechanics and the 
energetics of the growth-reaction systems. This is done in Figure 5, and 
although the fit of the points to the curve is not exact, there does seem to 
be a proportionality relating the two quantities. Because the efficiency with 
which energy is conserved in growing cells is theoretically a more exact 
function of the free-energy change of the non-conservative reactions than 
of the enthalpy change, it would have been surprising if a more exact 


3 


Figure 5. Graph showing the average en- 
thalpy change per unit carbon atom of the 
substrate plotted against the per cent effi- 
ciency of the growth-reactions. Point A 
refers to anaerobic growth on glucose, and 
points B, C and D to aerobic growth on 
acetic acid, glucose and ethanol respec- 
tively. Point E refers to the oxidation of 
methane. 
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proportionality had been found. If the change in enthalpy for the non-con- 
servative oxidation of methane (—210 kcal. per mole) is taken as the maxi- 
mum for the enthalpy per unit carbon, it is apparent that the maximum 
molar efficiency would approach 49 per cent as an extrapolated upper limit. 
Since the curve in Figure 5 is relative to the enthalpy efficiencies, it can 
only be conjectured that a similar plot of the free-energy efficiencies (if 
these were available) would provide the same information. However, if the 
free-energy efficiencies were available, their values would be expected to lie 
more closely to the curve than do those of the enthalpy efficiencies. From 
Figure 5 it can be concluded that the efficiency with which enthalpy is 
conserved in cellular material increases directly with the average potential 
enthalpy of the carbon atoms in the substrate, these latter values being 
relative to the non-conservative reactions. This in turn implies that there is 
a. direct relation between the genetically-determined structure of the cells 
and the amount of enthalpy which can be conserved in the form of cellular 
material. 

Finally, it must be pointed out that the calorimetric data obtained in 
these investigations are not sufficiently large in number, nor sufficiently 
accurate or precise to consider the conclusions as more than tentative. 


Summary 


A calorimetric determination of the enthalpy changes accompanying the 
growth of yeast on three different substrates has provided values of —23 
kcal./mole of glucose fermented, and —479, —204 and —162 kcal./mole 
of glucose, ethanol and acetic acid oxidized respectively. 

Two types of reactions are defined. One is the non-conservative reaction, 
in which a maximum change in free-energy, enthalpy and entropy takes 
place. The other is the conservative reaction, in which a less-than-maximum 
change in free-energy, enthalpy and entropy takes place, compared to its 
relative, non-conservative reaction. In the conservative reaction system there 
is conserved an amount of energy which is proportional to the extent to 
which the relative non-conservative reaction has not proceeded to com- 
pletion. A growth-reaction is identified as a conservative reaction. 

The enthalpy change accompanying a growth-reaction was found to be 
directly proportional to the enthalpy change of the relative non-conservative 
reaction. 

The extent to which enthalpy is conserved in the growth-reactions is 
described in terms of molar efficiency. The efficiency with which enthalpy 
is conserved in a growth-reaction was found to be directly proportional to 

Physiol. Plant., 13, 1960 


640 EDWIN H. BATTLEY 


the average potential enthalpy per unit carbon atom in the substrate, this 
latter being relative to the non-conservative reaction. The maximum molar 
efficiency was found to extrapolate to 49 per cent as the upper limit. 

Although it appears to be the only experimental approach at present 
available, it is emphasized that the use of enthalpy measurements for estab- 
lishing relationships in energetics can only provide information which is 
indicative, but not conclusive. 


The magnetic amplifier was designed and built especially for this investigation 
by Mr. John Conklin, to whom the author is deeply indebted. This investigation 
was carried out at the Hopkins Marine Station, Pacific Grove, California, during 
the tenure of a predoctoral fellowship from the National Science Foundation, 1952 
— 54. The material in this presentation was taken from a thesis submitted by the 
author to Stanford University in January, 1956, in partial fulfillment of the re- 
quirements for the degree of Doctor of Philosophy. 
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Introduction 


The effects of soil temperature on plant growth, although much investi- 
gated, are still somewhat uncertain since the evidence is contradictory. Little 
evidence is available concerning the effect of soil temperature under con- 
trolled air temperature. Went (1957) has reported that root temperature 
exerts but little effect on the growth of tomatoes under controlled air tem- 
perature. Benedict (1950), on the other hand, has reported that the dry 
weight of the parts of guayule plants that grow above ground, e.g., flowers. 
leaves, stems, as well as the dry weight of roots is influenced by soil tem- 
perature, even though the air temperature is kept constant at 75°F. The 
maximum dry weight of the tops is obtained at a soil temperature of 80— 
85°F, that for roots at 65°F. Both high and low soil temperatures reduce 
the amount of dry matter produced. Franco (1958) investigated the effect of 
soil temperature on the fresh weight of roots and tops of coffee trees grown 
at a constant air temperature. Franco found that the growth of young seed- 
lings of Bourbon Vermelho coffee is strongly affected by soil temperature. 
Both high (33°C and over) and low soil temperatures (13°C) depress growth. 
Only a comparatively narrow range of temperatures has no effect: a soil 
temperature between 18 and 28°C is optimal. 

It seemed desirable to investigate the action of soil temperature under 
different air temperatures with the aim of studying the relative importance 
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of soil and air temperature and looking for possible interactions between 
them. Moreover, well established plants with an extensive root system should 
be studied rather than young seedlings in order to eliminate effects of soil 
temperature on germination and early root growth or establishment after 


transplanting. 
It will be shown below that soil temperature does influence the growth 


of grasses under conditions of controlled light and air temperature and that 
soil temperature is an important factor regulating the growth of Phalaris 
tuberosa L. 


Material and Methods 


Clonal pieces or seedlings of P. tuberosa L. (Australian Commercial V94) were 
grown in 1-gallon glazed earthenware crocks in a mixture of equal parts (by 
volume) of vermiculite and crushed rock. The plants were watered with Hoag- 
land’s solution (Went 1957). Each crock contained a coil of tinned copper tubing 
through which water of the required temperature could be circulated. Soil tem- 
perature could be closely controlled in this way. 

The plants were grown in a common environment until they were well estab- 
lished and possessed well developed root systems, filling a major part of the con- 
tainer. The tops were then cut back and the plants transferred to the experimental 
conditions. Four crocks were placed in a 2X2 ft. wooden box with drainage pro- 
vided. The space between the crocks was filled with vermiculite for insulation. 
One box of 4 plants was used for each treatment in each experiment. The tempera- 
ture conditions used will be indicated in the descriptions of the individual experi- 
ments. Daylength was controlled at 16 hours in all experiments. All plants were 
maintained in the vegetative state, because they had not been vernalized (Ketellap- 
per 1960). 

At the time of transfer to the experimental conditions and at regular intervals 
thereafter the number of tillers of each plant was determined. At the end of the 
experiment the tops were cut again and the amount of dry weight produced was 
determined. The amount of dry weight produced and the increase in tiller number 
were used as measures of growth. When clonal material was used, all plants in one 
experiment belonged to the same clone. 

The source of artificial light consisted of warm-white fluorescent tubes (T8, Slim- 
lme) interspersed with 60W incandescent bulbs as described by Went (1957). 


Results 


Preliminary experiments demonstrated that a constant soil temperature 
of 40°C rapidly kills Phalaris. This determined the upper limit of the soil 
temperatures used. A series of experiments was first carried. out in artificial 
light and in 2 different, constant air temperatures, 20 and 30°C respectively. 
Soil temperatures of 20, 30 and 37°C were used in each of the 2 air tempera- 
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Table 1. Increase in dry weight of tops (grams per plant) and in tiller number after 4 
weeks of growth under the temperature conditions shown. Plant material: seedlings of 
Australian Commercial V94.! 


Rs 


Soil Dry weight Tiller number 
temperature | at air temperature °C | at air temperature °C 
20 30 50 
| 
20 1.72 2.67 4.8 7.5 
30 1.20 1.28 | 1.5 2.0 


! The differences in dry weight and in tiller number at the two air temperatures are 
partly due to differences in light intensity in the 2 rooms used. The light intensity at 20°C 
was 350 ft.c., that at 30°C 600 ft.c. 


tures. The results of a representative experiment are given in table 1. A soil 
temperature of 37°C killed the plants rapidly under both air temperatures, 
while 30°C reduced the number of tillers and the dry weight produced. Best 
growth occurred at both air temperatures with a soil temperature of 20°C. 

In another experiment in artificial light the plants were grown under an 
air temperature of 23°C and were exposed daily to 3 hours of 35°C air 
temperature given in the middle of the light period. Root temperatures of 
20, 30 and 36°C were used. Plants grown for 10 weeks under such conditions 
are shown in Figure 1. It is clear that soil temperature had a large effect 
on growth. Maximal dry matter production occurred with a soil temperature 
of 20°C. Dry weight and tiller number were reduced as the soil temperature 
was increased. 

The experiments were repeated in two air-conditioned greenhouses. In one 
greenhouse the temperature was maintained at 17°C from 8 a.m. until 4 p.m. 
(day temperature), and 10°C for the rest of the day (night temperature). In 


Fig. 1. The effect of root tem- 
perature on seedlings of Pha- 
laris tuberosa (Australian 
Commercial V94) grown in 
artificial light and under con- 
trolled air temperature. Light 
intensity: 600 ft.c. at pot level. 
From the left 20, 30, and 
36°C. 
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Table 2. The effect of soil temperature and air temperature on the dry matter production 

(dry weight of tops in gram per plant) of clones of Phalaris tuberosa L. The plants were 

harvested after 9 weeks of growth under the conditions indicated. The data are averäges 
of 4 experiments. 


Soil Temp. Air Temp. °C 
& 30/23 | 17/10 
15 14.7 19.6 
25 32.0 24.6 
35 1.0 1.8 


The différences between root temperatures at the same ‘air temperature are significant 
at the 1 °/o level or better, except for the difference between 15 and 25°C at the lower air 
temperature, which is not significant. The differences between air temperatures at the same 
root temperature are not significant. 


the second greenhouse the day and night temperatures were maintained at 
30 and 23°C respectively. Soil temperatures of 15, 25, and 35°C were used. 
The data of table 2 concerns the dry matter produced by these plants during 
9 weeks of growth. The difference between the rate of tillering at a soil 
temperature of 15°C and at a soil temperature of 25°C is not significant. At 
a soil temperature of 35°C the number of tillers increases slightly at first, but 
it decreases again after 35 to 40 days. The net result is that the tiller number 
at the end of the experimental period is the same as that at the beginning 
of the treatment. Again, soil temperature exerts an evident strong effect on 
_ top growth, expressed either as dry matter accumulation or as increase in 
number of tillers. Plants grown under the two different air temperatures 
respond to soil temperature in the same way and in fact plants grown at 
the same soil temperature are essentially identical at the two air temperatures. 
In all experiments the optimum soil temperature was 25°C, although the 
difference between 15 and 25°C was small and not significant at the low air 
temperature. This may indicate an interaction between air temperature and 
soil temperature. High soil temperature, however, exerts an evident major 
effect. 


Discussion 


It can be concluded from the results described above that the optimal soil 
temperature for Phalaris tuberosa is 20—25°C and that soil temperature is 
an important factor in the growth of this grass. This is perhaps to be expected 
since in vegetative grasses the growing points are located in the top layer of 
the soil. The present experiments do not, however, allow a decision as to 
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what process is affected by soil temperature. It might be, for example, root 
growth, water or salt uptake, growth of the stem meristem, or the production 
(by the root) of substances which affect top growth. It is apparent that soil 
temperature has effects which are independent of those of air temperature 
and that soil temperature may mask the effects of air temperature. 

In addition to its effect on top growth, soil temperature affects the morpho- 
logy of the root system. Low soil temperature causes development of thick, 
white roots. Under conditions of high soil temperature the roots are thin and 
brown. In young plants with a small root system soil temperature does clearly 
influence root growth which is, for example, inhibited by high soil tempera- 
tures. Under such conditions the large effect of soil temperature on growth is 
presumably due to restriction of the size of the root system. This pheno- 
menon is not so important in the above experiments using established plants. 

The conditions used in the experiments are to some extent unnatural in 
that the soil temperature has been kept constant. In nature the temperature 
in the top layers of the soil exhibits a daily march. It is probable (by analogy 
with air temperature effects) that the deleterious effect of, for example, a 
constant soil temperature of 35°C is equivalent to that of a fluctuating tem- 
perature of higher maximum value. Little is known, however, about the 
effects of fluctuating temperature or of sudden high peaks of temperature, 
either in air or in soil, on plant growth. Soil temperatures of 35°C and higher 
are, however, quite common in many parts of the world, even in temperate 
areas with complete ground cover. 

The temperatures used in the experiments were not suitable to determine 
if geographie strains differ in sensitivity to soil temperature. 35°C is too high 
for this purpose since it injures all strains severely. It is likely that a constant 
soil temperature between 30 and 35°C would be suitable for detecting differ- 
ences between geographic strains. 

The marked effect of söil temperature on the growth of Phalaris tuberosa 
has important implications. Mediterranean grasses pass through a period of 
cessation of growth during summer. This is called summer dormancy. It was 
found by Ketellapper (unpublished) that summer dormancy can be induced 
in Phalaris by high temperature treatment (40°C for 4 to 8 hours daily) even 
though the soil is maintained at field capacity or at a high moisture level. 
A few days after the temperature is lowered such plants will start growing 
again without receiving additional water. A clear interaction was found be- 
tween soil moisture and temperature: the higher the soil moisture level, the 
higher the temperature required to induce dormancy. Furthermore, it appeared 
from the experiments that soil temperature rather than air temperature is 
the determining factor for the onset of summer dormancy. The present ex- 
periments bear out that assumption: high soil temperatures (30—35°C) sup- 
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press growth markedly, independent of air temperature, under a regime where 
nutrient and water are not limiting. Such plants do not die but will start 
growing again when the soil temperature is lowered. À similar behavior has 
been observed in the field in Western Australia where Phalaris tuberosa, 
grown as single plants or in cultivated rows, will start growing in autumn 
before the winter rains start (personal communication from Mr. E. C. Bailey, 
Div. of Plant Industry, C.S.I.R.O., Perth). The new growth occurs when cooler 
weather starts in autumn. An identical phenomenon has been reported by 
Laude (1953) for Phalaris tuberosa grown in California. When the roots were 
cut off at 2 or 4 feet below the surface growth did not start until after the 
first rain. 

Such results indicate that temperature plays a part in the regulation of 
growth and that an interaction between soil moisture and temperature exists. 
The data presented in this paper implicate soil temperature rather than air 
temperature. Laude (1953) studied the summer dormancy of Poa scabrella 
(Thurb.) Benth. ex Vasey in detail. Long days and high temperature induced 
dormancy under high moisture conditions. Dormancy could be broken by 
relative coolness and water. Here also soil temperature rather than air 
temperature may be the regulating factor. 

It will be necessary to consider soil temperature in studies of plant growth 
in a controlled environment. Soil temperature is not nearly as well controlled 
as air temperature in most controlled environment facilities. Soil temperature 
is subject to peculiar patterns of change due to, for example, watering of the 
plants and changes in air temperature and in radiation. Such abnormal pat- 
terns may well affect growth. Finally, it will be necessary to study the pos- 
sible effect of soil temperature in irrigated areas because the application or 
withholding of irrigation water will have significant consequences for the 
temperature in the soil and close to the soil. 


Summary 


It has been shown that the top growth of Phalaris tuberosa L. is strongly 
influenced by soil temperature. The optimum soil temperature is 20 to 25°C 
when constant. A constant soil temperature of 35°C is very injurious to the 
plants, and still higher temperatures cause death. The effect of soil tempera- 
ture is largely independent of air temperature and may mask or modify air 
temperature effects. Possible consequences of soil temperature have been 
discussed, particularly with reference to summer dormancy. 

The work was supported by a grant from the Division of Natural Sciences and 
Agriculture, Rockefeller Foundation. 


The seed material was made available by Mr. W. Hartley, C.S.I.R.O., Canberra 
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Knowledge of the water consumption and the resistance to drought of dif- 
ferent tree species is of importance to foresters in their assessment of growth 
under different climatic conditions and on different soils. Unfortunately, no 
reliable data for large trees growing under natural conditions are available. 


Von Höhnel (1881), Oehlkers (1940), Eidmann (1943), and Nutman (1941, 
1953), among others, have determined the water consumption of small trees 
by recording loss in weight from potted plants. In certain cases, attempts have 
been made to extrapolate the data from such findings to larger trees, but the 
reliability of this approach is very doubtful, especially in view of differences 
in crown and root development between older trees in a stand and single, 
small trees in pot, and hence, very probably, of appreciable differences in 
their water economy. 

In the case of larger trees in the field, a number of investigators (Stocker 
1929, Pisek and Cartellieri 1931, 1939, Schubert 1939, Stälfelt 1944, Polster 1950. 
and Pisek and Tranquillini 1951) have used the so called “quick weighing” 
method on cut shoots, to determine transpiration. These investigations have 
yielded much information on transpiration from different regions of the 
crown and on the influence of external factors on transpiration, but, apart 
from possible criticism of the method itself, it appears unlikely that the 
findings can reliably be extrapolated to the whole tree. Nor do other methods, 
which have been used so far, appear more reliable (cf. reviews by Leick 1939, 


and by Huber and other authors in W. Ruhland: Encyclopedia of Plant 
Physiology, Vol. III, 1956). 
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It is therefore evident, that despite a considerable interest in this field, 
no entirely satisfactory method providing reliable estimates of transpirational 
losses from large trees growing under natural conditions has yet been found. 


The Method 


The new method for measuring water consumption of trees is essentially 
a modification and extension of the heat flow technique originally introduced 
for measurement of the transpiration stream velocity by Huber and his colla- 
borators (Huber 1935, 1936, Huber and Schmidt 1937); the modified techni- 
que has been developed with the valuable assistance of Professor Sven Wer- 
ner and dr. I. C. Madsen of the Physical Department, University of Aarhus. 

The method may be considered in two parts: — 

a) Measurement of the velocity of the transpiration stream. At one side of 
the tree trunk, in close contact with the bark and about 1 !/2—2 m. above 
the ground, is fixed a thermo-element consisting of two rows of about 40 
soldered copper-constantan junctions, 2.5 cm. apart; the length of the ele- 
ment is about 15 cm. (Figure 1), To eliminate the effects of external changes 
in temperature, the element is insulated by means of a thick felt pad (T, 
Figure 2) and connection is made to a sensitive galvanometer. In most of the 
investigations, a spot galvanometer, type G.V.M. 21a was used. 

At a distance of 5, 10 or 20 cm below the lower row of junctions, two 
rubber backen electrodes are mounted, securely fastened on to the outside 
of the bark, diametrically opposite each other (E, Figure 2). A distance of 
20 cm is preferred when measurements are to be made on a species with 


Figure 1. Thermo-element applied to stem 
of tree. 
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Figure 2. Thermo-electric in- 
stallation. Short waves from 
the diathermy apparatus D 
are passed through the stem 
via the rubber backed elec- 
trodes E, fastened to the stem. 
In this way the sap stream 
is heated by about 8 to 10° 
about the temperature of the 
surroundings. Higher up the 
stem is mounted a lagged, com- 
pound thermo-element T, con- 
nected to a galvanometer G. 
A deflection occurs when the 
warmed sap stream reaches 
the thermo-element. 


ring-porous wood, in which the velocity of the transpiration stream is rela- 
tively high (Huber 1935); a distance of 10 cm from the thermo-element is 
recommended for species with diffuce-porous wood, and 5 cm for species 
like Norway spruce in which the velocity of the transpiration stream is 
relatively low (Huber 1935). The electrodes which should be at least 15 cm 
long and not wider than 4.5 cm are connected by means of short cables to 
a diathermy apparatus (D, Figure 2). 


For a period of 20—40 seconds, short waves with a power 200—300 watt 
are conducted through the trunk, between the electrodes of the diathermy 
apparatus. In this way the sap of this region is heated above its normal 
temperature, generally by about 8—10°C. Corresponding to the velocity of 
the transpiration stream, the heated mass of sap rises up the stem and on 
reaching the lower junctions of the thermo-element heat is transferred to 
them; since there is now a difference in temperature between the lower and 
upper junctions, a galvanometer deflection will be obtained and this will 
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DEFLECTION 


Figure 3. Galvanometer deflections measured at 1/2 to 1 minute 
intervals from the moment the heat is applied to the stem below 
the thermo-element. t time of maximum deflection. 


T MINUTES 


persist as long as a temperature difference is maintained. As heat is dissi- 
pated and the warmer mass of the sap moves towards the upper junctions, 
the difference in temperature and hence the galvanometer deflection will 
decrease. 


By plotting galvanometer deflections at 1/2 or 1 minute intervals, a curve 
similar to that shown in Figure 3 is obtained; the time (minutes) taken from 
the moment of applying the heat to the point when a maximum deflection 
is obtained (=maximum temperature difference between junctions) is de- 
noted as t. 


Experiments involving, among other things, simultaneaus measurements 
with 2 thermo-elements placed above the electrodes at distances of 10 and 
20 cm, respectively, have shown that ? is dependent on the velocity of the 
transpiration stream. High velocities result in sharp curves and low t values, 
whilst low velocities result in flat curves and high t values. 


To illustrate how much t may vary, measurements were made throughout 
the day on a 25 year old oak; at midday when transpiration was at its 
height, f was 2 minutes; it then increased in the course of the afternoon to 
a value of 55 minutes at sunset, when transpiration was about to cease. 


However, the velocity of the transpiration stream cannot simply be calculated 
from t values and the distance between the electrodes and thermoelements, a fact 
which was shown by the following experiment: —- 

In a 25 year old mixed stand, 2 beeches, 1 oak, and 1 ash were selected: in each 
of these trees the velocity of the transpiration stream was simultaneously determined 
by the above thermo-electric method and by the radioactive method described 
below (measurements carried out by I. C. Madsen and K. Zerahn, under the 
supervision of Professor Werner): — | | 

Around the base of each tree was built a water-tight brick tank, about 40 cm 
deep, which was filled with water. The trees were then sawn off under water so as 
to prevent the formation of air locks in the vessels (Figure 4); having previously 
been firmly tied onto neighbouring trees with ropes, the cut trees remained in their 
upright position. Immediately after cutting and without raising it out of the water, 
the cut end was placed in a bucket. The tank was then emptied. With the exception 
of the ash tree, all the other experimental trees absorbed so much water that the 
bucket had to be refilled at intervals. 
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Figure 4. The brick tank built around the base 
of the stem to allow for the determination of 
the velocity of the transpiration stream by 
radioactive measurements. 


After about 1/2 hour, the water in the bucket was replaced by a 20 mM solution 
of NaCl which was left for about 20 minutes. This was then replaced by a similar 
solution containing a trace of Na*4Cl and after a further 10—15 minutes the radio- 
activity was removed by quickly flushing the tank with the original 20 mM solution 
of NaCl. The velocity of the transpiration stream was measured using a G.M. counter 
by noting the time required for the radioactivity to reach 1, 2, 3, and 4 m above 
the cut. 

A comparison of the two methods showed that the velocities of the transpiration 
stream calculate? “rom t were too low. Presumably, the main reason for this is 
that it takes some time for the heat from the heated portion of the rising sap 
stream to pass through the bark to the thermo-element (see also Marshall 1958). 


Further research showed, however, that the measurement of f-values 
could be of use in the determination of the water uptake in intact trees. 

In each of some selected trees, measurements of t were made at 1/2 to 1 
hour intervals from early morning until late in the evening, at various times 
during the summer and under various weather conditions. The result was 
a large number of t values corresponding to the rate of transpiration of the 
trees at those times. 


b) Calibration of t in terms of water consumption. When the measure- 
ments of ft, made under different external conditions, were considered suf- 
ficient, the water consumption of the trees corresponding to the different t 
values was determined in the following way: — 


Early in the morning on a day which promised to be fine, the tree was sawn off 
and the cut placed in a bucket of water in accordance with the procedure described 
above, with the exception that instead of the brick tank a wooden box was used, 
constructed in two halves which could be readily assembled around the stem and 
made watertight by means of foam rubber (Figure 5). About 20—30 minutes after 
the cutting a series of measurements of t were made at exactly the same point on 
the stem as before cutting. At the same time, the quantity of water absorbed from 
the bucket by the tree during each of the periods corresponding to the t measure- 
ments was determined by a dip stick. Attempts were made to carry out these 
measurements during the morning, when transpiration was increasing, at midday 
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Figure 5. Wooden tank ar- 
ranged around the tree 
stem. 


when it was at its height, and throughout the afternoon when it was falling, 
until dusk. 


The result was a series of ¢ values with corresponding values for the rate 
of water uptake, giving a curve, relating ¢ to litres of water consumed per 
hour, as shown in Figure 6. This curve was used as a basis for determining 
the water consumption of the trees from the t values found before cutting. 
Similar curves were established for each of the experimental trees (Figure 7). 

All the curves obtained had the shape of, or closely resembled, a hyper- 
bola. Thus it seems reasonable to conclude that an inverse or at any rate, 
a nearly inverse relationship exists between ? and the water consumption 
of the trees. This conclusion is consistent with the fact that f is determined 
by the velocity of the transpiration stream. 


Ip 


15 


10 


Figure 6. Curves relating t (minutes) to the water 
consumption (litres per hour) of a sycamore. 
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Figure 7. Curves re- 
lating t (minutes) to 
the water consumption 
(litres per hour) of 5 
beech trees. 


In order to obtain as accurate a curve as possible, it was essential that 
the water consumption should be determined over the whole range of trans- 
piration rates. In some cases, however, it was not possible to make measure- 
ments at high rates (low t values) because the weather unexpectedly turned 
bad to such an extent that transpiration did not approach anywhere near 
its maximum. In such cases, water consumption corresponding to the mis- 
sing low t values was determined as follows: — 


Having made a number of measurements of water consumption at medium and 
high t values, the tree was sawn off about 1 m above the thermo-element. A suction 
flask of a suitable diameter was then fitted to the stump by means of a rubber 
hose; to ensure an airtight connection between bark and hose, the rough surface 


tn 


15 


Figure 8. Curves relating t (min- 
utes) to the water consumption 
(litres per hour) of a poplar. The ' 
points indicate determinations 
made by measurements on the 
whole tree placed in a bucket of 
water. The circled points indı- 
cate determinations made by 
suction. 
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of the bark was first coated with paraffin wax. By applying suction from a water 
pump, connected to the flask by means of glass and rubber tubing, water was 
sucked up from the bucket, through the vascular bundles of the stump, into the 
flask. By varying the suction, the rate of flow could be controlled so as to give water 
uptake values corresponding to the missing low t values. 


Experiments have shown that this procedure gives a calibration curve of 
the same reliability as that based on the cut stem with crown. Points obtain- 
ed by both methods lie on the same curve and yield the same reciprocal value 
for t and water consumption (Figure 8). 


Discussion 


a) The measurement of t. Thermo-electric measurements made on rooted 
trees can be carried out with great accuracy, and it is beyond doubt that the 
resulting { values are largely determined by the velocity of the transpiration 
stream and hence by the water consumption. This is supported, among 
other things, by the inverse proportionality established between t and water 
consumption. Furthermore, simultaneous measurements with 2 thermo- 
elements located 10 and 20 cm, respectively, above the same electrodes, in- 
variably give twice as large a ¢ value for the latter as for the former. 


An additional advantage of the method is that it can be applied for a long 
period on the same tree without damaging it in any way or even apparently 
influencing its vital natural functions. It is also a very sensitive method. If, 
for example, during a measurement, the sun is briefly obscured by a cloud, 
the curve for the galvanometer deflection is correspondingly affected and 
the ¢ value indicates a brief decrease in transpiration. Measurements made 
on sawn off trees have shown that as small a change as 10—20 ml per hour 
in the water consumption of a 10 m high tree will influence the ¢ value. 
Consequently, this method is particularly well suited for investigation of the 
influence of external factors on transpiration. Since measurements can al- 
ways be made at the same point on the stem, differences in t values can be 
assumed to be due solely to changes in transpiration rate. 

b) Calibration of t in terms of water consumption. An important question 
which arises from the method of calibration is whether the water consump- 
tion of the trees changes after cutting, i.e., whether the curve relating ft to 
water consumption is the same before and after cutting. In actuality, no 
evidence has been obtained which suggests that this is not the case. A large 
number of measurements of t made immediately before cutting, and again 
10—20 minutes after cutting, have given identical curves and t values, pro- 
vided, of course, that the weather conditions remained unchanged. These 
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observations must be considered as proving that water consumption is not 
altered by cutting. It is, nevertheless, a prerequisite that cutting is not carried 
out at a time when transpiration is close to its maximum since it has been 
found that in such cases, absorption of water may almost cease on cutting 
and the leaves begin to wilt. This observation applies mainly to ash and the 
author can offer no explanation for the phenomenon. 

Generally, the trees may be left in the buckets for up to 3—5 days with- 
out showing any appreciable change in their water consumption. Hence, if 
it proves impossible to obtain a sufficient number of f values and the corre- 
sponding water consumptions on the day following cutting, the measure- 
ments may be continued in the following days. 


A number of experiments have been made with dye absorption from the buckets; 
these have shown that in species with ring-porous wood, e.g., oak and ash, the 
entire absorption after cutting takes place through the vessels of the outer, and 
youngest, annual rings, whereas in species with diffuseporous wood, e.g., beech, 
maple, poplar, birch, and alder, absorption occurs through the vessels of the outer 
10—20 annual rings. This observation agrees with previous findings (Wieler 1888, 
Priestley, Scott and Malins 1933, Huber 1935, Detlev Müller 1943, and Ladefoged 
1952). 

Finally, to illustrate how accurately the water consumption of a tree may 
be determined from the measurement of f, reference may be made to an 
investigation on a beech tree (No. 1); ¢ was measured at intervals between 
1.55 and 7.05 p.m. and from the values obtained, the water consumption 
during this period was calculated to be 12.400 litres. An exact measurement 
of the water consumption using a dip stick in the bucket gave a value of 
12.126 litres. 


Greater conformity can hardly be expected or required. 


Summary 


The paper describes a method for measuring the water consumption of 
larger rooted trees. 

A 4 cm. wide belt of the rising sap stream is heated 8—10°C above the 
temperature of the surroundings by passing short waves through the trunk 
for a brief time. The temperature at a point 5, 10, or 20 cm. above the 
point of heat application is followed by a sensitive thermo-element mounted 
outside the bark. The time t required to reach the maximum deflection of 
a galvanometer connected to the thermo-element is correlated with the rate 
of the transpiration stream. By measuring t several times on the same tree 
under varying external conditions, the corresponding rates of the transpira- 
tion stream may be determined. 
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When the number of measurements is supposed to be sufficient, the water 
consumption corresponding to each of the found t-values is determined by 
sawing off the tree under water and measuring the uptake of water directly 
for different values of t. 

On this basis a curve is drawn depicting the relationship between ¢ and 
the water consumption (litre/hour). The curve has a shape very similar to 
a hyperbola, indicating that an inverse — or at any rate very nearly inverse 
— proportionality exists between t and the water consumption. 

From this calibration curve the water consumption of the rooted tree may 
be found by means of the t-values of the intact stem. A number of experi- 
ments showed that the present method must be considered more accurate 
than any previous one employed for the measurement or calculation of the 
water consumption of larger trees. 


The author wishes to express his gratitude to professor Sven Werner and drs. 
I. C. Madsen and K. Zerahn of the Physical Department, University of Aarhus, for 
valuable advice and help during the investigations, and further to dr. L. Leyton, 
College of Forestry, Oxford, England, who has revised and condensed the translation 
of the Danish manuscript. 
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Kinetin (Kn) has several different effects on plant growth. It can stimulate 
cell division in some conditions (Das, Patau, and Skoog 1956) but in others is 
inhibitory (Deyson 1959, McManus 1960, Humphries and Wheeler 1960); it 
causes cells in coleoptiles and leaf disks to expand (Kuraishi and Okumura 
1956, Miller 1956, Liverman and Scott 1957); it promotes seed germination 
(Miller 1958, Skinner and Shive 1959); it stimulates bud formation on callus 
tissue, (Torrey 1958, Plummer and Leopold 1957, Danckwardt-Lillieström 
1957), it promotes chlorophyll and protein synthesis in leaves and roots (Rich- 
mond and Lang 1957, Person, Samborski and Forsyth 1957, Wang and Way- 
good 1959, Burström and Hejnowicz 1958, Mothes, Engelbrecht, and Kulajewa 
1959); it can stimulate nuclease activity (Maciejewska-Potapczyk 1959). In 
certain concentrations it inhibits root growth and this property is the subject 
of the present paper. 

Roots can be induced to form on the petioles of certain leaves and Gregory 
and Samantarai (1950) studied some of the factors concerned. The primary 
leaves of dwarf bean form roots readily on the petiole without preliminary 
treatment with auxin, simply by placing the leaves with their petioles dipping 
in culture solution (!/2 strength Hoagland supplemented with iron and trace 
elements, Figure 1A). Preferably the leaves should be kept in subdued light 
until rooting oceurs (usually about 10 days). With kinetin at 1 mg./l. in the 
eulture solution, root formation is completely inhibited and callus forms at 
the base of the petlole (Figure 1B). The callus sometimes forms a solid mass 
but sometimes eonsists of wedge-shaped masses with the thin end joined to 
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A B Cc D 


- 


Figure 1. A — Rooted leaf of dwarf bean (Phaseolus vulgaris); 7 weeks old. B — Leaf 

treated with culture solution containing 1 mg/l. of kinetin; callus has formed instead of 

roots; 7 weeks old. C — Appearance of the underside of the callus shown in B; note 

lobed structure. D — Petiole of bean with callus formed under the influence of kinetin 

and subsequently placed in culture solution lacking kinetin. Normal roots have formed 
from the callus. Enl. 1 A, B, D X0.6, 1C X1.1. 


the petiole, and each outgrowth from the pericycle remains separate. This is 
illustrated in Figure 1C which is a view of the underside of the callus shown 
in Figure 1B. There were 7 wedge-shaped masses in this specimen. When 
petioles that have formed callus are placed in culture solution without Kn, 
roots soon emerge from the callus and apparently grow normally (Figure 1D). 
Thus, so long as the concentration of Kn around the petiole is maintained, 
organised root growth is entirely inhibited and callus proliferates, but without 
Kn roots form from the callus cells. Actively growing roots put into a similar 
concentration of Kn do not proliferate but their growth is inhibited and Mc- 
Manus (loc. cit.) showed that mitosis is suppressed. Kn therefore acts on the 
meristematic region of the pericycle from which roots originate, rather than 
on the organised meristem of the root itself. In this instance, Kn does not 
appear to inhibit cell division in the petiole but influences the kind of cell 
produced (see Humpries and Maciejewska-Potapczyk 1960). 

Auxins such as indole-acetic-acid (IAA) and naphthalene-acetic-acid (NAA) 
stimulate root formation on petioles and hypocotyls of dwarf bean, and ex- 
periments were done to follow the effect on root formation when petioles or 
severed hypocotyls are placed in NAA and then treated with culture solution 
containing Kn. 


Method and Results 


Fully expanded primary leaves of dwarf bean were excised near the base 
of the petiole, which was dipped into water or a solution of NAA (5 mg./l.) 
and left for about 18 hrs. One member of each pair of primary leaves was 
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Table 1. Number of roots formed on petiole of dwarf bean after pretreatment with 
naphthalene acetic acid and subsequent treatment with culture solution containing kinetin. 


Kinetin 
mg. /l. — NAA | +NAA 
0 19 | 132 
0.1 12 96 
1.0 0 2 
10.0 0 0 


put in water while the other was dipped into auxin. Next morning the leaves 
were transferred to 1/2 strength Hoagland solution alone or culture solution 
containing varying amounts of Kn. Each leaf was put in a separate 25 ml. 
conical flask. Solutions were renewed every three days. After about 17 days 
the roots formed on the petiole were counted. Table 1 shows that pretreatment 
with NAA had a large effect on number of roots formed; Kn at 0.1 mg./1. 
lowered the roots of both by one-third and at 1.0 mg./l. prevented any roots 
from forming on the controls and there were only 2 on petioles treated with 
NAA. With Kn at 1.0 and 10 mg./l. callus formed. Figure 2 shows the mean 
results from several experiments; root inhibition has been expressed as a per- 
centage of the respective controls either treated with NAA or water and plot- 
ted against concentration of Kn. 

Root formation is less inhibited at low concentration of Kn when petioles 
are pretreated with NAA than when not, but at a higher concentration no 
roots form whether pretreated with NAA or not. Bean hypocotyls severed a 
few cm. below the cotyledonary node and treated in the same way as the 
single leaves gave similar results. With these, however, no large external callus 
formed on the hypocotyl so experiments were made to see whether callus 
formed at cut surfaces intermediate between the petiole base and the hypo- 
cotyl. Plants were cut at various points; (a) at the base of the petiole; (b) at 
1 cm. from the top of the epicotyl; (c) at the base of the epicotyl and (d) 1 cm. 


ee CONT ROL Figure 2. Inhibition of root forma- 
o---0 +NAA tion (%o) on bean leaf petioles by 
kinetin (mg/l.) after preliminary 
treatment with water (control) or 
naphthalene-acetic acid (NAA). 


oi 0.5 1.0 mg/l 10 
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from the top of the hypocotyl. Three weeks later, callus had formed at the 
base of the petiole as already mentioned. In treatment (b) the epicotyl was 
swollen-but there was no definite callus. When excised at the cotyledonary 
node (c) an external callus formed but in treatment (d) there was no callus 
on the cut surface of the hypocotyl, which, however, had enlarged and part 
of it and the base of the epicotyl was conical in shape. 


Discussion 


Other authors found that Kn inhibits root formation, for instance, de Ropp 
(1956) showed that initiation of roots on sunflower hypocotyls by indoleacetic 
acid was suppressed by Kn. Skoog and Miller (1957) showed that concentra- 
tions of Kn comparable to the highest used in my tests suppressed root forma- 
tion in tobacco callus cultures and certain concentrations caused nodules, 
superficially similar to those on legumes. Deyson (1959) noted that mitosis 
and elongation of roots of Allium sativum was inhibited by Kn above a certain 
concentration, and the most significant observation for present purposes is 
that by Arora, Skoog, and Allen (1959) who showed that, after roots developed 
profusely from stem callus, a second addition of Kn (20 mg./l.) induced 
pseudonodules about 5 days later. These growths originated in groups of 
actively dividing and enlarged cortical cells arising opposite protoxylem 
groups. There seems little doubt that these pseudonodules resemble in origin 
and structure the calluses formed at the end of bean leaf petioles, although 
the latter are very much larger than the growths reported by Arora et al. Kn 
not only causes cell proliferation at the expense of root formation but, as al- 
Talib and Torrey (1959) showed, favours proliferation at expense of normal 
leaf expansion in tissue cultures of Pseudotsuga taxifolia. 


Summary 


Kinetin inhibits root formation on petioles and hypocotyls of dwarf bean. 
It induces callus on petioles but not on hypocotyls. When Kn is subsequently 
withheld, normal roots originate from the callus. Kn counteracts the effect 
of naphthalene-acetic acid in inducing root formation. 
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The effect of light in inhibiting internode elongation has been skown to 
be mediated through at least two photoreactions with different spectral 
sensitivities, the relative effectiveness of which may depend on the duration 
of illumination (Sale and Vince 1959). When short daily periods of irradia- 
tion were given, red light was the most effective in reducing final internode 
length, the effect of exposure to red light could be reversed by exposure to 
near infra-red radiation and this reaction was, therefore, assumed to be the 
well-known red/infra-red reversible reaction established by workers at Belts- 
ville. The second reaction described as “Reaction II” was most sensitive to 
blue light, and subsequent infra-red radiation had little or no effect. With 
Pisum sativum ‘Meteor’, a dwarf variety, red light was more effective than 
blue in reducing final internode length at all irradiation times up to con- 
tinuous illumination: in contrast in Tropaeolum majus ‘Double Orange 
Gleam’ the relative effectiveness of red and blue radiation was reversed when 
the daily duration of irradiation was increased, and blue light was more 
effective than red in reducing internode length when irradiation times longer 
than 1 1/2 hours were used. Subsequent trial experiments have indicated that 
tall varieties of Pisum sativum respond to duration and wave-length of irra- 
diation in the same way as Tropaeolum. 

Meijer (1959) obtained similar results by varying the intensity rather than 
the duration of irradiation; in all the species he studied, red light was the 
more effective in inhibiting internode elongation at low energy levels, but 
blue light was more effective than red at high energy levels. Mohr (1957, 
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1959 a, b) has similarly found red light to be more effective at low, and blue 
more effective at high energy levels for promotion of cotyledon expansion 
and for anthocyanin and hair formation in hypocotyls of Sinapis alba. 

There is little evidence in the literature concerning the relationship be- 
tween light inhibition of internode elongation and the promotion of elonga- 
tion following treatment with gibberellic acid. Lockhart (1956, 1959 a, b) 
stated that gibberellic acid specifically reverses the light inhibition of stem 
elongation in Pisum sativum. Downs, Hendricks and Borthwick (1957), on 
the other hand, have reported that in Phaseolus vulgaris there is no inter- 
action between light and gibberellic acid. Further experiments with tall and 
dwarf varieties of Pisum were, therefore, undertaken in an attempt to find 
the relation between the elongation of internodes induced by treatmnt with 
gibberellic acid and the inhibition of elongation brought about by the action 
of light in the red/infra-red reversible reaction and “Reaction II” (the 
“high energy reaction” of Mohr 1957, 1959 a, b). 


Materials and Methods 


The plants were grown in growth rooms at 21+1.5°C. The light sources were 
fluorescent tubes with filters giving radiation in the blue (400—520 mu), red (600— 
700 mu), or infra-red (>700 mu) regions (Sale and Vince 1959). The red and blue 
sources were adjusted to give equal incident quanta at plant level. Peas were sown 
in boxes in a mixture of peat and sand, U.C. mix D with fertiliser I(D), (Baker 
1957), and germinated in the dark. Plants were irradiated for the stated time each 
day and then transferred to the dark room for the remainder of the 24 hours; the 
irradiation treatments were repeated daily from germination until the fourth inter- 
node was fully expanded. The gibberellic acid (GA) was applied at the beginning 
of each daily irradiation period as an approximately 5 °/o ethanol solution con- 
taining 80 mg. GA per litre (prepared from a concentrate, YF4961, kindly ‘supplied 
by I.C.I.) and the plants were thoroughly wetted at each application. Dark-grown 
plants were also sprayed daily with GA, using a weak green light from a small 
torch bulb filtered with green cellophane. Control plants were sprayed with a dilute 
ethanol solution only. Measurements of ten plants were made in each treatment, 
and the results presented are means from two separate experiments unless otherwise 
stated. 


Results 


I. Responses to wave-length and duration of irradiation 
and to GA application 


a) Dwarf Pea ‘Meteor’. Irradiation periods of varying duration were given 
in the red and blue rooms, with and without GA application. The energy 
level of the blue light was 7,800 ergs cm”? sec—1 and of the red light 5430 
ergs cm? sec". 
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For plants not sprayed with GA the curves obtained for each wave-band 
when mean internode length (internodes 2—4) is plotted against duration 
of irradiation (Figure 1 a) are similar to those reported previously for this 
variety (Sale and Vince 1959); although the internodes of the GA-treated 
plants were considerably longer, the same relationship to duration of irra- 
diation is shown and the curves are almost parallel with those for plants 
without GA. The elongation obtained following GA application was indepen- 
dent of the duration of irradiation and of the degree of light inhibition 
within any one wave-length region, but the interaction between wave-length 
and GA was highly significant (P=<0.001), the GA-induced elongation being 
greater in red than in blue light. This resulted in virtually eliminating the 
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difference between blue and red light in the GA-treated plants when four 
or more hours of light were given each day, although a significant difference 
still occurred when only Y/s-hour of light was given. A considerable increase 
in mean internode length occurred in plants treated with GA in the dark, 
but this increase was less than that in any of the light treatments. 

b) Tall pea ‘Improved Pilot’ and ‘Duke of Albany’. Irradiation periods of 
varying duration with and without GA application were given in the red and 
blue rooms as before; the energy level in the blue wave-band was 7160 ergs 
cm? sec”! and in the red was 4600 ergs cm? sec-1. 

For plants without GA the curves for mean length of internodes 2—4 
against irradiation time (Figure 1b) resemble those for Tropaeolum majus 
(Sale and Vince 1959). They differ from those for the dwarf ‘Meteor’ as blue 
light was more effective than red when irradiation periods of longer than 
about 2 hours’ duration were given. 

As in dwarf pea ‘Meteor’ the elongation due to GA application was not 
shown to be dependent on the duration of irradiation nor on the degree of 
light inhibition within any one wave-length region, but the interaction be- 
tween wave-length and GA was significant (P=<0.01). In the two tall varie- 
ties, however, the GA-induced elongation was greater in blue than in red 
light. This again resulted in virtual elimination of the difference between 
red and blue light in GA-treated plants, except perhaps with ‘/4-hour irra- 
diations when the differences between the two wave-length treatments were 
almost significant. 

c) The responses of tall and dwarf varieties were investigated further using 
‘Feltham First’ (dwarf), ‘Alaska‘, ‘Improved Pilot’, ‘Duke of Albany’ and 
‘Alderman’ (tall). Irradiation times of '/4-hour and 8 hours each day, with 
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and without GA, were given both in the red and the blue wave-bands; plants 
were also grown in the dark. The energy levels were 7,800 ergs cm? sec ! 
in blue, and 5450 ergs cm”? sec! in red light. The whole experiment was 
not duplicated, but, since the dark-grown plants were more variable, the 
dark treatments were repeated for each variety: the results in Figure 2. are 
therefore means of two experiments for the dark-grown plants only. The 
results for the dwarf pea ‘Meteor’, taken from the previous experiments, 
are given for comparison. 

The relative effectiveness of blue and red light on internode elongation 
again appeared to be related to the natural growth habit of the variety. 
With a 1/4-hour of light daily, red light was more effective than blue in all 
varieties, the differences between wavelengths being particularly marked in 
the two dwarf varieties, but when the irradiation period was extended to 
8 hours, blue light became more effective than red in the tall varieties only. 

The effect of GA was almost to eliminate the differences between varieties 
at both irradiation times: it also virtually eliminated wave-length differences 
at the longer exposures, but not in the 1/s-hour treatments. 


II. Responses to duration of irradiation in tall and dwarf peas 


The curves for mean internode length against duration of irradiation 
taken from several experiments are reproduced in Figure 3. In all varieties 
the curve for red light approaches saturation more rapidly than that for 
blue. The difference between tall and dwarf varieties appears largely to 
consist of a difference in the relative magnitudes of the red and blue effects 
since the shape of each wavelength curve is similar for all varieties. 


III. The relationship between infra-red exposure and GA application 


Experiments to investigate possible interactions between GA application and 
exposure to infra-red radiation were carried out using the dwarf ‘Meteor’ 
pea. The wave-length sequences used are shown in Figure 4 a. These treat- 
ments were repeated daily, with and without GA application. It is clear that, 
as previously reported, an infra-red exposure largely reverses the effect of 
a previous red light treatment but has less effect following a previous blue 
treatment (Sale and Vince 1959). The GA-induced elongation was almost 
independent of whether the final exposure was one of infra-red or of colour, 
and in fact statistical analysis shows that the interaction between GA and 
infra-red is without significance. A single experiment with the tall variety 
‘Alaska’ (Figure 4b) gave very similar results. 
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Figure 3. Responses to duration of irradiation and wavelength in tall and dwarf peas. 
On the abscissa daily period of irradiation. On the ordinate mean length of internodes 2, 
3, and 4 (upper graphs), or 2 and 3 (lower graphs). 
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Figure 4. The effects of infra-red and gibbergllic acid on internode length. On the ordinate 

mean length of internodes 2, 3, and 4. Initial exposures to red or blue were of four hours’ 

duration; the subsequent exposures to infra-red, and to red or blue were each of one hour. 

For Meteor the significant difference at P=0.05 is shown; for Alaska, where only a single 

experiment was carried out, the 5 °/o fiducial limits are shown for each mean of 10 plants. 
B=Blue light, R=Red light, and IR=Infra-red light. 
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Discussion 


The light inhibition of internode elongation is partly but not completely 
prevented by the application of large doses of gibberellic acid before irradia- 
tion. Internode lengths of plants in the light treatments with GA were always 
less than those of plants in the dark with GA; in ‘Meteor’ the dark +GA value 
of 120 mm (taken from Ia) was only approached by the value of 116 mm 
for the red +infra-red+ GA plants (taken from III). The independence of the 
GA and infra-red effects on internode length found in the experiments re- 
ported here is in agreement with the data and conclusions of Downs et al 
(1957) for Phaseolus vulgaris, where the effects of GA and infra-red in pro- 
moting internode elongation following exposure to red light were found to 
be additive. Plants treated with GA showed an increasing degree of light 
inhibition with increasing duration of irradiation but, whereas the response 
was almost saturated by the "/s-hour red treatment, periods of blue longer 
than 1/4-hour markedly increased inhibition. For these +GA plants the same 
saturation value appeared to be reached in both wave-lengths, as no diffe- 
rense between blue and red occurred when 8 hours’ light was given (Figure 2) ; 
this light effect may, therefore, be mediated through the red/infra-red rever- 
sible system only. However, since even in the GA-treated plants, blue light 
inhibition was reversed less by infra-red than was red light inhibition, it may 
be acting partly or wholly through a different pigment system. Furthermore, 
the possibility that the saturation value for tall varieties was not reached in 
the blue irradiation treatments cannot be excluded as there is some indication 
from the results of Ib (Figure 1 b) that the magnitude of the blue light inhi- 
bition in GA-treated plants was still increasing after 6 hours of irradiation and 
exposures of more than 8 hours’ duration (Ic) were not used in these ex- 
periments. 

As the effect of GA did not vary appreciably with increase in duration of 
light treatment it might be argued that GA and light operated independently 
in their control of growth; the relatively small response in complete darkness 
would then be due to some other factor becoming limiting. Such a hypothesis 
would not account, however, for the difference in response to applied GA in 
light of different wave-lengths. In the dwarf varieties used here the effect of 
GA was greater in the red treatment than in the blue, while in the tall varie- 
ties it was greater in the blue than in the red treatment. When GA was made 
non-limiting all the varieties tested showed similar responses to light and 
there was little difference between them. This suggests that varietal differ- 
ences in growth responses to red and blue light are largely mediated through 
a gibberellin-sensitive system. Differences in this system in tall and dwarf 
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varieties must be responsible for the greater effect of blue light in inhibiting 
the former and of red light in inhibiting the latter. 

Although the differential effect of wave-length on internode elongation can 
largely be eliminated by the application of GA, the relationship of light action 
to the natural gibberellin system in peas may well be quite indirect and pos- 
sibly very complex. 

The data presented here agree with those of Vlitos and Meudt (1957) for 
the tall variety ‘Alaska’. They measured stem extension of dark-grown seed- 
lings following 48 hours in continuous blue or red light, or in darkness; during 
this 48-hour period only one internode would have extended. The inhibition 
of elongation was greater in blue than in red light in the plants without GA, 
but when GA was applied, the wave-length difference was eliminated: the 
plants in light with GA elongated less than those in the dark with GA. The 
effect of GA application was, therefore, greater in blue than in red, and it 
was also greater in the light than in the dark. This agrees with our results 
for ‘Alaska’ and other tall varieties. 

The data presented here cannot readily be compared with those of Lock- 
hart (1956, 1959 a, b) since he mainly considered the effects of light and GA 
on total stem length. In his experiments the application of a saturating dose 
of GA caused a more or less complete reversal of red light inhibition when 
total stem length was considered, but internode lengths in the light with GA 
were considerably less than those in the dark with GA. However, in our 
experiments, with ‘Alaska’ and ‘Meteor’, (data not presented here) the results 
for total stem height reflected these for internode length. 

Lockhart suggests the existence of two light effects, one on the growth rate, 
which is reversed by GA, and one on the rate of node appearance, which is 
not effected by GA. However, experiments show that, in pea, a new internode 
commences to expand when the growth of the previous one nears completion; 
the increase in the number of expanded internodes in the light might, there- 
fore, be explained by the action of light in causing earlier cessation of inter- 
node expansion and thus indirectly bringing about the earlier elongation of 
the subsequently formed internodes, without postulating a direct effect of 
light on the rate of node appearance. 

The interaction between light inhibition and GA stimulation of growth of 
internodes is obviously complex. It seems clear that a non-GA sensitive light 
inhibition of internode elongation does occur, as not all light inhibition is 
prevented by GA application. Red light inhibition appeared to be almost re- 
versed by GA plus infra-red, but the possibility is not excluded that the dark+ 
GA value with which it was compared may have included some green light 
inhibition. Later experiments suggest that this would have been extremely 
small. Blue light inhibition, on the other hand, could not be entirely reversed 
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by GA plus infra-red. The data presented appear to necessitate the postulation 
of three effects of light on internode elongation: — 


a) a red/infra-red reversible effect independent of GA. 

b) a blue effect which is reversed to only a limited extent by infra-red; this 
effect is also independent of GA. 

c) a GA-sensitive light inhibition which is saturated by short exposures to 
either blue or red light. There is a differential wave-length effect in tall and 
dwarf varieties, red causing a greater degree of inhibition of the GA-sensitive 
system in dwarf, and blue a greater degree of inhibition in tall varieties. 


Summary 


The responses of internodes of tall and dwarf varieties of pea to irradiation 
and gibberellic acid have been studied. 

The inhibition of internode elongation by light was partly but not com- 
pletely prevented by the application of large doses of gibberellic acid (GA). 
Although elongation following the application of GA was greater in the light 
than in the dark, internode lengths of plants in the light treatments plus GA 
were in all cases less then those of plants grown in the dark plus GA. 

Dwarf and tall varieties responded differently to wave-length of light. In 
dwarf varieties the shortest internodes occurred always in red light. In tall 
varieties, the relative effectiveness of red and blue light varied with the dura- 
tion of irradiation; when daily irradiation periods of !/s-hour were given the 
shortest internodes occurred in red, but when longer periods were given, blue 
light became increasingly more effective than red in inhibiting internode 
elongation. 

When GA was applied, the different responses of tall and dwarf varieties 
to red and blue light were almost completely eliminated. 

Infra-red largely reversed the effect of a previous red light treatment, but 
had considerably less effect following a blue treatment. There was no inter- 
action between GA and infra-red; both caused internode elongation, and they 
were almost completely additive in their effects. 
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Introduction 


Previous investigations have shown that it is possible to represent the 
growth of Saccharomyces cerevisiae (Hansen) on different substrates in 
terms of growth-reaction equations (Battley 1). It is also possible to measure 
the heat evolved during the course of these growth-reactions (Battley 2). 
However, a complete study of the thermodynamics of growth in micro-orga- 
nisms necessitates, in addition, the determination of the free-energy and 
entropy changes accompanying such reactions. Since there is no simple ex- 
perimental approach to these determinations, short of measuring the standard 
entropy of the cellular material, a theoretical approach is worth consideration. 
This communication represents the development of concepts with which to 
make such an approach. 


Methods 


a. General considerations. The first law of thermodynamics states that energy can 
be neither created nor destroyed. It can, however, be converted from one form into 
another; for example, from non-thermal into thermal energy. The second law states 
that it is impossible to have a net conversion of thermal into non-thermal energy 
by means of a reaction which proceeds spontaneously. Thus, given a chemical system 
which will react spontaneously, there must concomitantly be an irreversible con- 
version of chemical energy into heat or entropy. The general relationships between 


the three thermodynamic quantities, at constant temperature and pressure, are given 
by equation (1). 


(1) AF=AH—TAS 
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b. Values of thermodynamic properties used in the calculations. The values for 
the free-energies of formation which were used in the calculations are given in 
Table 1. Because it is assumed that all biological reactions can be regarded as taking 
place in aqueous solution, these values are relative to the aqueous standard state. 
The values for the enthalpies of formation which were used in the calculations 
have been listed previously (Battley 2). 

c. An hypothesis with respect to the energetics of growth-reaction systems. It is 
generally recognized that in chemical reactions which occur at constant temperature 
and pressure, the “driving force” of the reaction is a function of the amount of 
free-energy which is potentially available for conversion into enthalpy and entropy. 
Unfortunately for many purposes, the free-energy change accompanying a chemical 
reaction cannot be measured directly, as can the enthalpy. It can sometimes be 
determined indirectly, and can be calculated if the free-energies of formation of 
the reactants and products are known (Klotz 6, Paul 9). Thus, the free-energy 
changes accompanying non-conservative microbial reactions can be calculated. 
However, because the free-energy of formation of the cellular material is not 
known, a calculation of the free-energy change accompanying a conservative micro- 
bial reaction (growth-reaction) cannot be made. For this reason, some other mea- 
sure of the free-energy changes accompanying these latter reactions must be sought. 

Because the enthalpy changes accompanying several yeast growth-reactions have 
already been measured (Battley 2), the most direct approach to the above problem 
would have been to try to determine the standard entropy, relative to the third law 
convention, of the cellular material formed during these growth-reactions. This 
entropy cannot be expressed in terms of the usual entropy units of calories/mole 
and degree, because a ‘mole’ of cells is not a meaningful quantity. However, there 
does not seem to be any reason why such measurements could not be made in terms 
of calories/unit-weight and degree and employed to calculate the entropy change 
accompanying a growth-reaction. Knowing both the enthalpy and the entropy 
changes, the free-energy change could then be calculated by means of equation (1). 

The measurements of the standard entropy could not be made because of a 


Table 1. Standard free-energies of formation for substances participating in the growth- 
reactions. The data are for 298.16°K. and 1 atm. 


0 
| 


| Free-energy of 
Substance formation Reference or method of calculation 


| (kcal./mole) 


FDA NER SE. SER 3.9 1.C.T. (presumablv calculated on the basis 
of solubility) (5) 
et.) on ! — 56.690 Rossini, et al (10) 
Chiers — 92.310 ibid. , < 
BU, ad} Go. er. — 8.2 calculated on the basis of solubility, giv- 


en in the Handbook of Chemistry (7) as 
0.002091 gm./100 gm. H,O (1) at 25° C. 


| CH,COOH (aq)... — 95.48 Burton & Krebs (3) 
CH,CH, OH (aq) . SER — 43.39 Rossini, et al (10) 
G,H,0, (aq)-- re — 116.76 Burton & Krebs (3) 

3 3 \aq 
a-D- “glucose (aq) … scien — 219.22 Burton (4) 
ls EME AVS — 6.37 Rossini, et al (10) 
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lack of the necessary low-temperature equipment. The only other possibility was 
a theoretical approach based upon the chemistry of the growth-reactions. 

It is evident that if there exists within a growth-reaction system some mechanism 
whereby the source of the initial chemical potential energy disappears completely, 
and yet the expected enthalpy change cannot be measured, then part of the chemical 
energy initially present must remain somewhere within the system, conserved in 
some non-thermal form (Battley 2). The practical reasoning for this is the follow- 
ing. Winzler and Baumberger (12) have shown that when a suspension of yeast 
cells is poisoned with dinitrophenol (DNP), the enzymatic mechanisms still persist 
whereby the cells can completely oxidize or ferment a substrate, and apparently only 
the assimilatory processes are inhibited. These are examples of reaction systems in 
which no free-energy is conserved and therefore, as these investigators demonstrated, 
the maximum change in enthalpy can be experimentally measured. However, if 
DNP is left out of the reaction system assimilation can occur and, in a nutrient 
medium, the cells will grow. A ‘growth-reaction’, such as this, is accompanied by a 
change in enthalpy which is less than that which would be expected on the basis 
of a complete oxidation or fermentation of the substrate (Battley 2) and is thus 
a conservative reaction. The only essential difference between a non-conservative 
and a conservative reaction is that, in the latter, additional products appear which 
may consist in whole or in part of cellular material. The energy which has been 
conserved must then be present in these products, and the amount of cellular 
product formed in a growth-reaction can be expected to be proportional to the 
amount of conserved energy which the cellular material contains. 

One fundamental assertion can be made, which is that if free-energy is conserved 
in a growth-reaction, the extent to which it is conserved probably bears some 
relationship to the total free-energy which is available for expenditure. This is 
suggested by the rough proportionality which exists between the enthalpy changes 
of. the non-conservative and conservative reactions (Battley 2). The working as- 
sumption can then be made that the free-energy change accompanying a growth- 
reaction is proportional to the extent to which its relative non-conservative reaction 
has proceeded to completion. 

The growth-reactions are accompanied by a loss in free-energy which can only 
be determined indirectly. If a system can be established under such conditions that 
the reaction is non-conservative, as in the systems of Winzler and Baumberger (12), 
then the system will lose all of the free-energy of which it is capable. If, however, 
in the same reaction system, the non-conservative reaction is not allowed to proceed 
to completion, as in the growth-reaction systems of Battley (2), there will be 
conserved somewhere within the reaction system an amount of free-energy which 
is proportional to the extent to which the non-conservative reaction system has not 
reacted. There will also be a loss in free-energy which is proportional to the extent 
to which the system has reacted, and the sum of the two proportions should amount 
to 100 per cent of the free-energy change accompanying the non-conservative 
reaction. Thus, by calculating the maximum amount of free-energy which the 
system is potentially capable of losing, and by multiplying this value by the per 
cent ratio of the extent to which the non-conservative reaction has reacted, the 
amount of free-energy lost by the growth-reaction system can be calculated. An 
example will clarify this reasoning. 

If yeast cells are suspended in a nutrient medium in the presence of glucose, and 
if the assimilatory processes of these cells are prevented from occurring (for exam- 
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ple, by the addition of DNP), the catalytic mechanisms of the yeast would still allow 
the oxidation of glucose to be carried to completion. This oxidation is represented 
by equation (2). 


(2) CoHi2O6 (aq) +6 O2(aq) > 6 CO2(aq) +6 H:20 (1) 


The above reaction was calculated to be accompanied by a maximum loss in free- 
energy to the extent of 698.2 kcal. per mole of glucose oxidized at 298.16°K. and 
1 atm. Of this energy, 677.2 kcal. are converted into thermal energy, and 21.0 kcal. 
are reversibly exchanged with the environment because of the change in entropy 
of the reaction system. However, during the process of growth there is less energy 
lost than in the reaction represented by equation (2). The difference is conserved 
in the form of cellular material, as represented by equation (3) (Battley 1). 


(3)  CgHy20¢(aq) +3.84 O2(aq) 4.09 CO2(aq) +4.72 H20(I) 


+0.29 NH; (ag) +1.95 (CH4.7200.44No.15) 


If the hypothesis is made that the relationship in the energetics of the reactions re- 
presented by equations (2) and (3) can be determined by a proportion, then this 
proportion must be calculable from the chemical data contained in these equations. 

The most simple approach to the above calculation is to assume that the extent to 
which the potential energy changes with respect to the non-conservative reaction (3) 
is proportional to the extent to which the products of reaction (2) appear in reaction 
(3). This latter is a function of the coefficients of the products. Thus, the energetic 
contribution with respect to the formation of CO (aq) in the conservative reaction 
is 4.09/6.00, or 0.681 of that in the non-conservative reaction. Similarly, the ener- 
getic contribution with respect to the formation of H>O(l) in the conservative reaction 
is 4.72/6.00, or 0.787 of that in the non-conservative reaction. Since there are two 
products of the non-conservative reaction, and since energy levels tend to balance 
themselves proportionally in dynamic equilibrium systems, there is no reason to 
believe that the energetic contribution with respect to the formation of CO (aq) in 
the conservative reaction is any greater or any less than that with respect to the 
formation of H>O (l). For this reason, the sum of the two proportions is divided by 
two, to give 0.734, or 73.4 per cent. This value represents the extent to which the 
conservative reaction has proceeded, relative to the non-conservative reaction. When 
the changes in the thermodynamic quantities which accompany the non-conservative 
oxidation of glucose are multiplied by this percentage, values are obtained which 
represent the changes in the thermodynamic.quantities which accompany the aerobic 
glucose growth-reaction. In this manner, using equations taken from Battley (1, 2), the 
changes in the thermodynamic quantities which accompany the anaerobic growth of 
yeast on glucose, and the aerobic growth on ethanol and acetic acid were also cal- 


culated. All these data are presented in Table 2. 


Results 


The experimental measurements of the enthalpy changes accompanying the 
growth of Saccharomyces cerevisiae (Battley 2) can be used to check the 
calculated values for the same enthalpy changes, both of which are given in 
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Figure 1. Graph showing the calculated 
energy changes accompanying the growth- 
reactions, plotted against the changes in 
thermodynamic quantities accompanying 
the non-conservative reactions. Point A re- 
fers to anaerobic growth on glucose, and 
points B, C and D to aerobic growth on 
acetic acid, ethanol and glucose, respec- 
tively. Free-energy changes are represented 
by @, and enthalpy changes by ©. Points 
where the free-energy and enthalpy values 
are almost identical are represented by ©. 
The average slope of the line in 0.707. 
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Table 2. A comparison of these data shows that the empirical method of cal- 
culating the enthalpy changes, based on the proportional amounts of products 
formed in the growth-reactions, gives values which agree within about 3 per 
cent of those obtained by direct physical measurement. However, because of 
the magnitude of the correction factors applied to the latter, there is no way 
of knowing whether the empirically-calculated, or the experimentally-deter- 
mined data are the more correct. 

Figure 1 shows a graph of the calculated free-energy and enthalpy changes 
for the conservative reactions, plotted against those of the non-conservative 
reactions. À similar graph of the experimentally-determined enthalpy changes 
has been previously given (Battley 2). The average slopes of the lines which 
represent the three sets of data have values of 0.707, 0.707, and 0:712, respec- 
tively. The values for these slopes are close enough to indicate that the average 
proportionality expressed in Figure 1 can be determined equally well by 
either the experimental or the theoretical method. But, however good the 
agreement of the average proportionalities, the numerical use of the propor- 
tion will not enable an exact calculation to be made of the individual points. 
This agreement merely suggests that the theoretical approach is probably 
correct, in principle. 

The molar efficiency with respect to free-energy can be calculated in the 
same manner at that described for enthalpy (Battley 2) by means of equation 
(4), where AFyc and AF represent the free-energy changes of the non-con- 
servative and conservative reactions. 

(4) per cent efficiency with respect to ee inet x100 

NC 
Using the values in Table 2, the molar efficiencies with respect to free-energy 
were calculated to be 29.0 per cent for the anaerobic growth of yeast on glu- 
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Table 2. Calculated and experimentally-determined values for the changes in thermodyna- 
mic properties accompanying the non-conservative and conservative reactions. The em- 
pirical method of calculating the values for the conservative reations is described in the 
text. The free-energy data used in calculating the values for the non-conservative reactions 
are given in Table 1. The enthalpy data were taken from Battley (2). The entropy values 
were obtained by difference, using equation (3) in the text. The proportion of 73.4 °/o 
for glucose fermentation is based on the assumption that the efficiency of this reaction 
is the same as that of the aerobic reaction. 
Re ee 


Thermodynamic quantities (kcal./mole) 
Reaction zo 
tion AF AH AH TAS AS 
(cale.) (calc.) (exp.) (calc. ) (calc.) 
Glucose fermentation .... 71.0% 
Non-conservative ...... = 02.2.) — 33,0 19.2 0.064 
Conservative ............ — 237.0 0 23,4 — 23 13.7 0.045 
Glucose fermentation .. 73.4% 
Non-conservative ...... — 562.2 | — 33.0 19.2 0.064 
Conservative ............ — 38.3 | — 24.2 — 23 14.1 0.047 
Glucose oxidation .........| 73.4% i 
Non-conservative ...... — 698.2 | — 677.2 21.0 0.070 
Conservative ............. — 512.5 | — 497.1 — 479 15.4 0.052 
Ethanol oxidation .. ...... 62.7% 
Non-conservative ...... — 323.0 | — 322.1 0.9 ae 
Conservative ............ — 202.5 | — 202.0 — 204 0.5 0.002 
Acetic acid oxidation ...| 75.7 % 
Non-conservative ...... -— 210.3 | — 209.7 0.6 0.002 
Conservative ............ — 159.4 | — 158.9 — 162 0.5 0.002 


cose, and 26.6, 37.3, and 24.2 per cent for the aerobic growth of yeast on 
glucose, ethanol and acetic acid. These must be compared with the average 
free-energy change per unit carbon atom of the substrate. This can also be 
calculated in the same manner as that described for enthalpy (Battley 2) 
by means of equation (5), where ‘nC’ represents the number of carbon atoms 
in the substrate molecule. 


AF yc substrate 


(5) average free-energy change per unit carbon= te 


Again, as in the case with enthalpy changes, the values for the efficiency of 
the glucose fermentation reaction must be related to the nonconservative 
glucose oxidation reaction. This gives a value for the molar fermentation 
efficiency relative to glucose oxidation of —15.1 kcal./—698 kcal. x 100, or 
2.16 per cent. Figure 2 shows a graph of the molar efficiency with respect 
to free-energy, plotted against the average free-energy per unit carbon atom. 
It is evident that there is a direct and exact proportionality between the two 
quantities. In Figure 2 the calculated values for the enthalpy changes are 
also given for comparison. A calculation of the ratio of the molar effici- 
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Figure 2. Graph showing the per cent 
molar efficiency of the growth-reactions, 
plotted against the average energy per 
unit carbon atom of the substrate. Point 
A refers to anaerobic growth on glucose, 
and points B, C and D to aerobic growth 
on acetic acid, glucose and ethanol, res- 
pectively. Point E refers to the oxidation 
of methane. Free-energy changes are re- 
presented by @, and enthalpy changes 
by ©. Points where the free-energy and 
enthalpy values are almost identical are 
represented by ©. The efficiency of 
anaerobic growth on glucose is taken as 
26.6 °/o (see text). The slope of the line 
is 0.230. 


0 50 100 150 200 
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ency/average free-energy per unit carbon atom of the substrate gives values 
of 0.229, 0.230 and 0.230 for glucose, ethanol and acetic acid oxidation, 
respectively. For glucose fermentation the corresponding value is 0.249. 

The thermodynamic properties of the cellular material produced in the 
different growth-reactions can be calculated from the growth-reaction equa- 
tions and the data in Tables 1 and 2. These are given in Table 3, together 
with the corresponding values for the formation of the amount of cellular 
material represented by the unit-carbon formula. It is apparent from the 
latter that the thermodynamic properties of cells grown on different sub- 
strates are not the same. 

The remarkable exactitude with which three of the points lie on a straight 
line which passes through the origin, in Figure 2, lends support to the idea 
that the empirical method of calculating the free-energy change, based upon 
the proportional amounts of products formed in the growth-reactions, is 
correct in principle. The fact that the fourth point, representing glucose 
fermentation, does not provide quite such good agreement can be explained 
in the following manner. The method which is described, of calculating the 
changes in the thermodynamic properties, seems to work well with respect 
to those growth-reactions in which the only product which differs from those 
of the relative, non-conservative reactions is the cellular material. However, 
in the anaerobic glucose growth-reaction glycerol is formed in addition to 
the cellular material, and what proportional part this plays in the total 
energetics of this growth-reaction is difficult to assess. On the other hand, 
if it is assumed that the molar free-energy efficiency is exactly proportional 
to the average free-energy per unit carbon atom of the substrate molecule, 
the molar efficiency should be the same, whether the substrate is used aerob- 
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Table 3. Calculated values for the thermodynamic properties of the cellular material formed 

in the growth-reactions. Values for the cellular material as represented by a unit amount 

of carbon are indicated by an asterisk (*). Values calculated on the assumption that the 

efficiency of the aerobic glucose growth-reaction is the same as that of the aerobic 
growth-reaction are indicated by two asterisks (**). 


DT 


Energies of formation from the elements, at 
298.16° K. and 1 atm., expressed in kilocalories per 
Growth-reaction mole of substrats consumed 

AFf AFF AHf AHf TASf TASS 

Glucose fermentation ......... — 8.3 — 14.0 — 16.9 —- 28.7 — 8.6 — 14.7 
Glucose fermentation** ...... — 9.5 — 16.2 — 17.7 — 30.0 — 8.2 — 13.8 
Glucose oxidation............... — 86.1 — 44.1 — 93.3 — 47.8 — 7.2 — 3.7 

| Ethanol oxidation............... — 19.3 — 18.7 — 27.1 — 26.3 — 7.8 — 7.6 
Acetic acid oxidation ......... — 29.3 — 47.2 — 33.6 — 54.2 — 4.3 — 7.0 


ically or anaerobically. An experimental basis for this rationalization exists 
in the close agreement with respect to the measured molar enthalpy effi- 
ciencies of the aerobic and anaerobic glucose growth-reactions (Battley 2). 
If this rationalization is tenable, there is justification in applying the cal- 
culated molar efficiency of the aerobic glucose growth-reaction to the anae- 
robic glucose growth-reaction. When this is done, the molar efficiency rela- 
tive to glucose oxidation then becomes — 13.9 kcal./—698 kcal., or 2.00 per 
cent, and the ratio of this molar efficiency/the average free-energy per unit 
carbon atom of the substrate becomes 0.230. Accepting this latter value, the 
relationships illustrated in Figure 2 can be quantitatively expressed by means 
of equation (6), where K is a proportionality constant having a value, in the 
case of this strain of growing yeast cells, of 0.230. 


AF yc 


(8) per cent efficiency with respect to free-energy conservation =K 2 
n 


A number of useful generalizations are implied in equation (8), the most 
important of which is that the initial assumption with respect to calculating 
the changes in the thermodynamic properties accompanying the growth- 
reactions may be correct. Whether or not this generalization can be used 
with respect to enthalpy and entropy changes is not fully apparent from the 
data. Although the term (AH—TAS) must numerically equal the AF, there 
is no way of knowing how AH may possibly vary with respect to AS. This 
could be experimentally tested by a more accurate series of measurements 
of the enthalpy changes accompanying the growth-reactions considered here. 
The data presented by Battley (2), while strongly suggesting that an equation 
similar to (8) could also be written with respect to enthalpy (especially if 
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the molar enthalpy efficiencies of the anaerobic and aerobic glucose growth- 
reactions are assumed to be identical), still do not permit this conclusion. 

Another generalization is that equation (8) defines a quantitative relation- 
ship between the free-energy of the substrate molecule and the amount of 
growth which can be obtained from it. Thus, one can state that theoretically, 
if one were able to determine K for a particular organism grown on a given 
substrate, one could calculate how much growth one would expect to find 
on any other substrate on which the organism were capable of growing. 
This is true, however, only in the case of growth-reactions in which the only 
product which is different from those of the relative non-conservative reac- 
tion is the cellular material. Otherwise, the conserved energy is to be founc 
divided up among all the additional products of the growth-reaction, and 
the amount of energy in the cells must be calculated apart from the total 
energy conserved (Battley 2). 


Table 4. Addition of the energy changes accompanying the anaerobic growth of yeast on 
glucose, the energy changes accompanying the aerobic growth on the ethanol formed in 
the anaerobic glucose growth-reaction, and the energy changes accompanying the oxidation 
of the glycerol formed in the latter reaction, to equal the energy changes accompanying the 
aerobic growth on glucose. The growth-reaction equations used in the calculations were 
taken from Battley (1), and the experimental enthalpy data from Battley (2). Values 
obtained by difference are indicated by an aslerisk (*). The anaerobic glucose values are 
calculated on the basis of a free-energy efficiency constant of 0.230. An explanation is 
given in the text. 


Thermodynamic Quantities 


Reaction 
AFealc. AHcalc. | AHexp. TAScale. 
1. Anaerobic growth on glucose... — 38.3 — 24.2 = 23 14.1 
2. Aerobic growth on the 1.30 mo- 
les of ethanol formed in the 
anaerobic glucose growth-reac- 
TION rene neee ns reset ee ler ses — 263.5 — 262.7 -- 265 0.8 
3. Oxidation of the 0.43 moles of 
glycerol formed in the anaerobic 
glucose growth-reaction. — 172,3 — 171.0 ee 1.3 
4. Sum of reactions (1). (2) and (3). — 474.1 — 457.9 — 459 16.2 
5. Aerobic growth on glucose. | — 512.5 — 497.1 — 479 15.4 
6. Difference between (4) and (5).| —- 38.4 — 39.2 — 20 — 0.8 
7. Oxidation of cellular material 
formed sink (Hl as ee — 67.7 — 63.2 —- 63* 4.5 
8. Oxidation (3). cellular material i 
formed tiny(2)) ee — 156.4 — 156.0 — 153* 
9. Sum of (7) and (8)... MAR ET — 219.2 — 216 = 
10. Oxidation (8). cellular ‘material 
formed *ink(d)! Risener — 185.7 — 180.1 — 
11. Difference between A and a hb — 38.4 — 39.1 sine — 2 
12. Sum of (4) and (11). = S126 — 497.0 — 480 15.4 
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If the relationship expressed in equation (8) is correct, it should be pos- 
sible to add the equations representing the changes in the thermodynamic 
quantities of the growth-reactions in the same manner as the equations re- 
presenting the changes in the chemistry of the growth-reactions could be 
added (Battley 1). Table 4 shows this addition, the sums of which should 
equal the energy changes accompanying the aerobic glucose growth-reaction. 
The fact that they do not was not clear at first, until it was realized that no 
calculation had taken account of the differences in the energy content of 
the cellular material formed during the different growth-reactions. In other 
words, there is probably an energy change associated with the conversion 
of cellular material grown anaerobically on glucose, into cellular material 
grown aerobically on ethanol or on glucose. This is evident from the large 
differences in the thermodynamic properties of the cellular material grown 
on the different substrates, as shown in Table 3. For this reason, the values 
were calculated for the changes in thermodynamic properties accompanying 
the theoretical oxidation of the cellular material formed in the anaerobic 
glucose growth-reaction, using the equations taken from Battley (2). To 
these were added the values for the theoretical oxidation of the cellular 
material formed during aerobic growth on the ethanol produced by the 
anaerobic glucose growth-reaction. The sums of these should equal the 
values for the theoretical oxidation of the cellular material formed during 
the aerobic glucose growth-reaction. They do not, however, because the 
thermodynamic properties of the cellular material grown during different 
growth-reactions are not the same. By difference one can account quantita- 
tively for the missing energy. 

The above additivity of the changes in the thermodynamic quantities 
provides a check as to the accuracy of the method employed in calculating 
these changes, even though one might well have predicted that this could 
be done on the basis of the pre-established additivity of the equations re- 
presenting the chemical processes. In fact, the only real discrepancy in the 
theoretical treatment is the lack of better agreement between the calculated 
values for the enthalpy changes accompanying the growth-reactions and 
those actually measured. The deviation of the experimentally-measured 
values from those calculated has a negative value in two cases and a positive 
value in two cases, and therefore is not on one direction. This, plus the fact 
that the calorimetric determinations are difficult to carry out, because of the 
length of the experiments and the necessity of using many correction factors, 
makes it probable that these deviations are due to experimental error. One 
of the future tests of the concepts presented here will be whether or not 
more exact calorimetric measurements will yield enthalpy data which app- 
roach the theoretical values more closely than the average agreement of 3 
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per cent achieved by Battley (2). Should this prove true, there will be the 
intellectually satisfying result that the enthalpy changes accompanying a 
growth-reaction can be obtained by two different methods: one, a calculation 
based on a theoretical approach, which makes use of the chemistry of the 
growth-reactions; and the other, a direct, physical measurement. 

The data in Table 3 are especially interesting with respect to entropy, in 
that if one is to believe that by means of the entropy function one can cal- 
culate the amount of ‘information’ (Wiener 11) a cell contains, or the ‘binary 
units’ (Linschitz 8), one must conclude that these, too, will vary with the 
substrate on which the organism is grown. Unfortunately, it would appear 
that statistical molecular theory, or information theory, cannot be directly 
applied to the growth-reactions studied in this investigation. This is because 
the improbable event has occurred before the growth-reaction has begun, 
in that it is first necessary to introduce a living cell into the reaction system. 
Thus, one never really determines the thermodynamic properties of a group 
of living cells, as represented by a unit-carbon formula, but only the thermo- 
dynamic functions of the total mass of cells produced from the one initially 
added. 

A graph of the efficiency with which entropy is conserved in the growth- 
reactions, plotted against the average entropy per unit carbon atom of the 
substrate shows no systematic relationship at all, when the values in Table 3 
are used. Since a similar graph with respect to enthalpy (Figure 2) shows 
a closer, but not exact, relationship, it can be concluded that, at least with 
respect to growth-reactions, it is the free-energy which determines the effi- 
ciency with which energy is conserved. However, a definite conclusion must 
wait until further enthalpy measurements are made. 

If the free-energy change accompanying the oxidation of methane (205.3 
kcal./mole) is taken as the maximum per unit carbon atom of the substrate, 
the data in Figure 2 show that the molar efficiency with which free-energy 
can be conserved by Saccharomyces cerevisiae extrapolates to a maximum of 
about 47.5 per cent, if the organism were capable of growing on methane. 
Whether or not this represents an upper limit for all organisms, or whether 
all organisms have a free-energy efficiency constant of 0.230 will have to 
await further investigation. However, one would be inclined to predict that 
a molar efficiency of 50 per cent would be a maximum. This is because it 
seems unlikely that more energy could be conserved in a reaction than was 
used up in causing the reaction to go. If anything, the maximum molar 
efficiency would be expected to be slightly less than 50 per cent, due to 
inefficiencies accompanying the transfer of molecules about the enzyme 
systems. 

The hypothesis presented in this investigation may well be considered an 
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over-simplification. For example, if the energy content of the cellular mass 
represented by a ünit-carbon formula differs, depending upon the particular 
growth-reaction, it cannot be rigorously stated that given a free-energy effi- 
ciency constant for a particular organism, one can then calculate how much 
growth one would expect to find on a given substrate. This is because growth 
cannot be directly equated with energy content, any more than it can with 
cellular carbon, optical density, cellular nitrogen, cellular protein, or even 
cellular weight, because various increases in these are all functions of the 
overall general phenomenon. The hypothesis does serve to systematize cer- 
tain aspects of the thermodynamics of growth of microorganisms, and in 
this respect may provide a stepping stone towards future studies. It can 
well be that better means of calculating the extent to which the conservative 
reaction has proceeded to completion, relative to the non-conservative re- 
action, may be devised. 


Summary 


An hypothesis is presented with respect to the energetics of growth-reaction 
systems, together with a method of calculating the changes in free-energy, 
enthalpy and entropy of these systems. The calculated enthalpy changes 
agree within 3 per cent of those experimentally measured. The efficiency 
with which free-energy is conserved in a growth-reaction was found to 
vary directly with the average free-energy content per unit carbon atom of 
the substrate molecule. The maximum efficiency of free-energy conserva- 
tion was found to extrapolate to 47.5 per cent. An interpretation of the data 
is given. 


This investigation was carried out at the Hopkins Marine Station, Pacific Grove, 
California, during the tenure of a pre-doctoral fellowship from the National Science 
Foundation, 1952—54. The material in this presentation was taken from a thesis 
submitted by the author to Stanford University in January, 1956, in partial ful- 
fillment of the requirement for the degree of Doctor of Philosophy. 
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Studies on synchronized algal suspensions indicated that the time course 
of photosynthesis during one photosynthetic experiment greatly depends on 
the developmental stage of the cells (Sorokin 1960 a and b). In younger cells 
it is described by gradually increasing rates and in older cells by progres- 
sively decreasing rates. In cells of intermediate age the photosynthetic activity 
in the course of a photosynthetic experiment may go down soon after the 
start of observations and later recover to the level of the initial rate or even 
surpass it. In actual measurements of photosynthetic activity the effects of 
the environmental factors are superimposed on the basic differences in meta- 
bolic activity of cells in the course of their development. 

It has been suggested that two reactions or two groups of reactions might 
be involved in fluctuations of the photosynthetic gas exchange (Sorokin 1960 
a and b). In one reaction an essential. participant (or participants) of the 
photosynthetic process is built up or activated. In another reaction this parti- 
cipant is used up, inhibited, or inactivated. At any time of a photosynthetic 
experiment the rate of the gas exchange is an outcome of the competing 
effects of these two opposite reactions. Depending on the time factor, devel- 
opmental stage of the cells, and environmental conditions, one or another 
reaction might become prevalent. A prevalence of the one or the other 
reaction underlies two trends in changes in the rate of the gas exchange 
during one photosynthetic experiment. The upward trend was taken as an 
indication of the preponderance of the reaction in which participants of 
the photosynthetic process were generated or became more active. The 
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downward trend was considered as reflecting the preponderance of the reac- 
tion in which crucial participants of the photosynthetic process were inhi- 
bited, used up, or destroyed. In this report previous studies on fluctuations 
of the photosynthetic activity in the course of one photosynthetic experiment 
(Sorokin 1960 a and b) are supplemented by observations on their connection 
with the effects of the incident light intensity during measurements of photo- 
syıtthesis. 


Experimental 


The technique employed in growing synchronized algal suspensions and in mea- 
suring photosynthetic activity was described in a previous publication (Sorokin 
1960 a). Different levels of illuminance during photosynthetic measurements were 
ächieved by attaching neutral filters of known transmittancy to the bottoms of the 
reaction vessels. The work was done with the one-vessel method, and the results 
of observations were computed by correcting manometric readings for differences 
in the gas volume in different flasks and for differences in the amount of cells 
per flask in different experiments. In the following figures the corrected changes in 
manometric pressure are given for each of the ten-minute intervals of one experi- 
ment. They are, therefore, indications of changes in the rate of the gas exchange 
with time. in cells of successive developmental stages at various light intensities. A 
sample calculation and considerations involved in this method of presentation of 
observations on the phot »synthetic gas exchange were presented elsewhere (Sorokin 
1960 a). 


Results 


A more or less regular sequence in which the preponderance of the upward 
or of the downward reactions were observed provided a basis for distinguish- 
ing three time intervals during one photosynthetic experiment: one, of the 
initial more or less stable or rising rates; another, of the falling rates; and 
a third one, of the recovering rates. As the cell proceeds in its development, 
the first period usually becomes shorter; the duration of the second period is 
generally longer, and the rates at the end of this period are lower; the re- 
covery of the rate during the third period commonly is slowed down, and 
the maximum rate at the end of the recovery period is lower. 

In very young cells (Figure 1) the downward trend, which is characteristic 
of the second period, is expressed so slightly or is of such a short duration 
that it finds no expression on the time course curve of the gas exchange: it 
is completely obscured by the upward trend which is characteristic of the 
first and the third periods. The result is a steadily increasing rate of the gas 
exchange during the whole course of a photosynthetic experiment. The mani- 
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Figure 1. Rates of the gas exchange in the 
course of a photosynthetic experiment with 
0-hour cells of C. pyrenoidosa, strain 7-11-05, 
at different light intensities. Increments in 
manometric readings (mm. pressure change) for 
10-minute intervals were corrected for the vol- 
ume of the gas phase and the packed cell 
volume — one vessel technique. Light inten- 
sities indicated in foot-candles on the curves. 
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festation of the upward trend in 0-hour cells (Figure 1) greatly depends on 
the intensity of illumination. The slopes of the curves in Figure 1 rise with 
the increase in light intensity. The rise in the rates comes eventually to a 
stop and is followed by a downfall. No significance will be attached, in this 
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Figure 2. Rates of the gas exchange in the 
course of a photosynthetic experiment with 
2-hour cells of C. pyrenoidosa, strain 7-11-05, 
at different light intensities. Increments in 
manometric readings (mm. pressure change) 
for 10-minute intervals were corrected for the 
volume of the gas phase and the packed cell 
volume — one vessel technique. Light inten- 
sities indicated in foot-candles on the curves. 
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Figure 3. Rates of the gas exchange in the 
course of a photosynthetic experiment with 
4-hour cells of C. pyrenoidosa, strain 7-11-05, 
at different light intensities. Increments in 
manometric readings (mm. pressure change) for 
10-minute intervals were corrected for the vol- 
ume of the gas phase and the packed cell 
Fy volume — one vessel technique. Light inten- 
0 sities indicated in foot-candles on the curves 


discussion, to the time of the breaking point terminating the third period. 
In actively photosynthesizing cells it may be caused by the depletion of the 
gas mixture in the flasks of carbon dioxide. Besides, after two or three hours 
of continuous observations the original developmental status of the algal 
cells changes to the extent that the obtained data are not characteristic of the 
developmental stage in which cells were at the beginning of the experiment. 

In older cells the upward trend is also dependent on light intensity. This 
is particularly obvious during the third period of the recovering rates. For 
2-hour cells (Figure 2) the slope of the curve during the third period is steeper 
at 1,200 than at 800 foot-candles and still steeper at 1,800 and 2,200 foot- 
candles. The rise of the rate continues at 2,200, 1,700, 1,200, and 800 foot- 
candles, respectively, for 160, 170, 190, and 200 minutes. 

Similar dependence of tne slopes of the curves and of the duration of the 
period, during which the rates continue to rise, on light intensity is discern- 
able in 4-hour cells (Figure 3), though the levels to which the rates of the gas 
exchange climb during the third (recovery) period are not as high as in the 
2-hour cells (Figure 2). In 8-hour cells the upward trend is more than coun- 
terbalanced by a strong expression of the downward trend (Figure 4). How- 
ever, even in these cells the effect of light intensity on the recovery of the 
rates is clearly recognizable. There is no recovery at 500 and 1,200 foot- 
candles. The recovery is discernable at 1,700 foot-candles. At higher light 
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Figure 4. Rates of the gas exchange in the 
course of a photosynthetic experiment with 
8-hour cells of C. pyrenoidosa, strain 7-11-05, 
at different light intensities. Increments in 
manometric readings (mm. pressure change) for 
10-minute intervals were corrected for the vol- 
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intensity — 2,100 foot-candles — the recovery is very weak. Thus, there is 
a kind of oversaturation with light energy of the upward trend in older cells. 

The effect of the downward trend during a photosynthetic experiment is 
seen in the decreasing rates and in time of the start of the second period. 
In 0-hour cells it is not discernable at any light intensity for at least 130 
minutes (Figure 1). This is probably due to the strong expression in these 
cells of the upward trend. In older cells the dependence of the downward 
trend on light intensity is easily demonstrable. In 2-hour cells (Figure 2) the 
decline in the rate comes sooner and the slope of the decline is steeper at 
2,200 than at 1,200 foot-candles. At 800 foot-candles the effect of the down- 
ward trend is seen in the slowing down of the rise in the rate during the 
time corresponding to the interval between the first and the third periods. 
The dependence of the downward trend on light intensity in 4- and 8-hour 
cells is also well pronounced (Figures 3 and 4). With the increase in light 
intensity the decline in the rate usually starts earlier and generally is charac- 
terized by a steeper slope of the curve. The level reached during the second 
period, as compared with the initial rate for cells of a given developmental 
stage, is commonly lower with the increase in light intensity. 

It should be strongly emphasized that at any time during a photosynthetic 
experiment the rate is a result of the competitive effects of both the upward 
and the downward trends. However, during the third time period of the 
recovering rates the process is largely, or, at least, much more, dependent 
on the upward than on the downward trend. Therefore, the slopes of the 
curves during this time period are descriptive of the upward trend or, to 
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Figure 5. Changes in the rates of the gas ex- 
change in the course of one photosynthetic 
experiment in cells of the successive devel- 
opmental stages of C. pyrenoidosa, strain 
7-11-05, as affected by light intensity. The 
slopes of the curves in Figures 1 to 4 are 
evaluated in terms of the change in the 
gas exchange over one hour. Developmental 
stages of synchronized cells are indicated 
in hours on the curves. The extrapolated 
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be more exact, of what may be called the preponderance of the upward 
over the downward trend. The curves in Figures 1—4 describe rates of the 
gas exchange calculated for 10-minute intervals. The increases in these rates 
over one hour-periods are indicative of the slopes of these curves. They are 
plotted for cells of each developmental stage against light intensity in 
Figure 5. 

The effect of light intensity on the recovering capacity of cells and the 
dependence of this capacity on the age of the cells are reflected in varying 
saturating light intensities for this process and in different rates of the re- 
covery attained in cells of various developmental stages. These and other 
characteristics of the curves in Figure 5 are summarized in Table 1. 

Values for saturating intensities placed in column 2 of the Table 1 do not 
indicate that the recovery process will not go above these light intensities. 
They mean only that the rate of the recovery process will not increase above 
these light intensities. For 2-hour cells the saturation point is far above 2,200 
foot-candles. For older cells the rate of the recovery process will not increase 
above 1,800 foot-candles in the 4-hour cells and above 1,700 foot-candles in 
8-hour cells. Actually, in 8-hour cells oversaturation begins soon after the 
light intensity increases above 1,700 foot-candles. The capacity to recover the 
photosynthetic rate goes down. Somewhere between 2,100 and 2,200 foot- 
candles the recovering capacity ın 8-hour cells vanishes completely. It is 
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Table 1. Characteristics of the upward trend during a photosynthetic experiment with 
cells of the successive developmental stages of C. pyrenoidosa, strain 7-11-05. 


1 


Maximum increase in gas Meimsllichtiot TI f | 
Develop- Saturating | exchange at light satura- ee Anse vis 
mental stage light inten- | tion over one hour of pho- a se rime lebt Intensikies | 
of the cells, | sity, foot- tosynthetic experiment, Pa + nu az om zunınal (4) 
hours candles volumes of gas per volu- rely discernable, | to saturating (2), 
me of cells per 10 minutes foot-candles foot-candles 
ner (3) (4) (5) 
= À 
0 1,500 2.7 350 1,150 
2 > 2,200 > 8.3 50 > 2,150 
4 1,800 8 650 1,150 
8 co 1,700 2.3 1,400 300 


impossible to say to what extent this loss of recovering capacity in older 
cells is due to the greater expression of the downward reaction, which is 
increasing with the increase in light intensity (Figure 5). However, this is 
also true with respect to younger cells in which the attainment of the light 
saturation of the upward reaction may be an expression of the intensification 
of the downward reaction. It is seen from Table 1 (Column 3) that the maxi- 
mum rate of the recovery process, recorded for each kind of cells at their 
corresponding saturating light intensity, was observed for 2-hour cells. 
Actually, since the light saturation of the upward reaction was not attained 
in 2-hour cells, the maximum rate of recovery with time is expected to be 
even higher in these cells. The light-saturation rates for the upward reaction 
go down both in younger and in older cells. The lowest level, as recorded 
for 8-hour cells, probably was not reached in these observations, since the 
development of cells continued beyond an 8-hour period. It could be expected 
that in cells older than 8-hour cells the response of the recovering capacity 
to the increase in light intensity would approach a vanishing value. 

By extrapolating curves in Figure 5 to the left the approximate minimal 
light intensities are obtained at which the barely discernable preponderance 
of the upward over the downward reaction will permit the upward process 
to be detected. As seen from Column 4 of Table 1, the upward reaction may 
be observed in 2-hour cells at a very low light intensity of about 50 foot- 
candles, which is close to the compensation point. In 0-hour cells the thres- 
hold is at 350 foot-candles. In 4- and 8-hour cells the minimal light inten- 
sities are, respectively, at 650 and 1,400 foot-candles. 

By substracting minimal light intensities (Column 4) from the saturating 
light intensities (Column 2), the light-intensity range (Column 5) is obtained 
in which the upward reaction will be observed to proceed at a rate increasing 
with the increase in light intensity. Cells of intermediate age — 2-hours old — 
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Table 2. The decrease in the rate of the gas exchange during the second period of falling 
rates per one hour of the photosynthetic experiment, volumes of gas per volume of cells 
per 10 minutes. 


EE 


Developmental At co 1,200 At co 2,100— 2,200 


stage of the foot-candles 


foot-candles 
cells, hours 


0 Not discernable Not discernable 
2 2 8 
4 5 11 
8 14 | 14 


possess the highest capability to foster this process over a wider range of 
light intensities. 

An attempt to obtain characteristics of the downward reaction is even 
more complicated than that of describing the upward trend. The downward 
trend is expressed most during the second period of falling rates. It can be 
depicted in terms of the time at which the second period starts, in terms of 
the length of this period (Sorokin 1960 a), and in terms of the steepness of 
the slopes of the curves indicating the decrease in the photosynthetic rates 
during this period. Of course, whatever measure is chosen it is characteristic 
only of the preponderance of the downward over the upward trend. In Table 
2 the downward sections of the curves in Figures 1 to 4, characteristic of the 
second period, are evaluated in terms of the decrease in photosynthetic rates 
— each calculated for 10-minute intervals — over a period of one hour. The 
comparison is made at two light intensities. One is of about 1,200 foot- 
candles, which is well below light saturation of photosynthesis in cells of all 
studied developmental stages. Another light intensity is about 2,100—2,200 
foot-candles, which lies above light saturation of all except 2-hour cells, 
for which saturation was not achieved. The main tendency is clear. The 
decrease in photosynthetic gas exchange during the second period charac- 
teristic of the downward reaction goes faster with the progress in cell devel- 


opment. For cells of a given developmental stage this downward trend is 
accelerated by increasing light intensities. 


Discussion 


The reported studies indicate that on the metabolic variability and. dif- 
ferent susceptibility of cells of various developmental stages are superimposed 
different patterns of fluctuations in metabolic activity in the course of one 
photosynthetic experiment. Under the conditions employed in these inves- 
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tigations it was possible to delineate two trends indicative of two reactions 
participating in the photosynthetic process. One of these reactions manifests 
itself by affecting an increase in photosynthetic activity; another reaction. 
causes the rate of the photosynthetic gas exchange to go down in the course 
of one experiment. It became possible to attach to each of these reactions 
certain illuminance characteristics. 

There is a striking: similarity between the illuminance characteristics 
of the upward reaction and those of the photosynthetic process as such. Both 
the upward reaction and the apparent photosynthesis start at some minimal 
light intensity. The position of the compensation point for photosynthesis 
depends on the balance between photosynthesis and respiration. The posi- 
tion of the compensation point for the upward ‘reaction depends on the 
balance between it and the downward reaction. The compensation point 
for the upward reaction is at the lowest light intensity in cells of some inter- 
mediate age — 2-hour cells in these investigations (Table 1, Column 4). 
Due to the established higher photosynthetic activity in cells of intermediate 
age, the compensation point for photosynthesis is expected to lie at the lowest 
light intensity also in cells of an intermediate age. Of course, for cells of a 
given developmental stage, compensation points for photosynthesis and for 
the upward reaction are not expected to be at the same light intensity, since 
the processes of respiration and of the downward reaction have different 
rates and different dependence on the environmental factors. 

With the increase in light intensity the rates of both photosynthesis and 
the upward reaction increase up to light saturation of the process. The posi- 
tions of the light-saturation points for the upward reaction and for photo- 
synthesis strongly depend on the developmental stage of the cells and are 
strikingly close to each other in cells of a given developmental status 
(Table 3).. 

Within certain intervals of light intensities both photosynthesis and the 
upward reaction are independent of the intensity of illuminance — the light 
intensity curves form plateaus. In these studies the condition of light satura- 


Table 3. Saturating light intensities for photosynthesis and for the upward reaction as 
described in these investigations. 


Developmental Saturating intensities, foot-candles 
stage of the pe Fe yes ie wer 
cells, hours Photosynthesis | Upward reaction 
0 1,500 | © 1,500 
2 > 2,200 > 2,200 
4 1,700 1,800 
8 1,500 | 1,700 
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tion was achieved for 0-, 4-, and 8-hour cells but not for the 2-hour cells 
(Figure 5 and Table 3). With the further increase in light intensity, over- 
saturation occurs, and the rates of photosynthesis and of the upward reaction 
decline. The light intensities at which oversaturation is observed are not 
expected to be the same for the two events. However, for both the upward 
reaction and photosynthesis the oversaturating intensities greatly depend on 
the developmental stage of the cells. As seen from Figure 5, the condition of 
oversaturation of the upward reaction was achieved in these studies only in 
8-hour cells. The balance between the upward and the downward reactions 
greatly depends on the time factor during one experiment. On the other hand. 
rates of photosynthesis have been generally determined for the first rela- 
tively short portion of the photosynthetic experiments. In those studies, in 
which observations on the effects of light on oversaturation and solarization 
of photosynthesis were extended over longer periods of time, the importance 
of the time factor was invariably observed (Emerson 1935, Myers and Burr 
1940, Steemann Nielsen 1949 and 1952, Kok 1956). 


Actually, the upward reaction is generally obscured to some extent by the 
downward reaction. Light saturation, and particularly oversaturation, of the 
upward reaction probably is a manifestation of the effects of the downward 
reaction. The decreasing slopes of the light-intensity curves describing the 
upward reaction in cells of more advanced developmental stages and the 
increasing minimal light intensities at which the upward reaction is detect- 
able in older cells are also indications of the working of the downward 
reaction. In all cells in which it can be detected the downward reaction is 
clearly dependent on light intensity. In cells in which it cannot be detected it 
is probably covered by the upward reaction. A clear-cut dependence of the 
downward reaction on light intensity suggests its connection with light 
absorption and therefore with pigments. 


The destruction of chlorophyll observed in strong light (Sironval and 
Kandler 1958, Kandler and Sironval 1959) evidently proceeds at a lower rate 
also at lower light intensities. Studies on the turnover of chlorophyll with 
a tracer technique (Turchin et al. 1953, Kutiurin 1956, Shlyk et al. 1957) 
indicate that the decomposition and restitution of chlorophyll molecules are 
as common as the turnover of protein molecules. The process takes place in 
light as well as in darkness (Frank and Kenney 1955, Kutiurin 1956). Thus, 
the downward reaction may be, at least partially, bound with the decomposi- 
tion of chlorophyll. The liability of chlorophyll to light destruction may 
greatly depend on the developmental status of cells. It would be interesting 
to examine the kinetics of bleaching of chlorophyll in cells of successive 
developmental stages and to infer from these data the dependence of the 
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formation of the photochemically unstable, fast bleaching form of chloro- 
phyll (Krasnovsky et al. 1957) on the developmental status of cells. 

However, it is not necessary to suppose that the upward and the downward 
reactions observed in these experiments are as simplé as to depend only on 
the building up and decomposition of chlorophyll molecules. A broader con- 
cept would include the turnover of the enzymatic mechanism of photosyn- 
thesis. There is even no indication that the factors affecting these reactions 
are located entirely within the photosynthetic mechanism. Actually, the in- 
timate connection of the level of photosynthetic activity with the devel- 
opmental status of cells indicates that, whatever the immediate causes of the 
upward and the downward reactions might be, they are deeply rooted in the 
processes basic to cell development. The decline in metabolic activity bound 
with the progress in cell development manifests itself also in the decrease 
in respiration rate (Neeb 1952, Zeuthen and Scherbaum 1954, Sorokin and 
Myers 1954 and 1957) and in the rate of the accumulation of cell material 
(Neeb 1952, Nihei et al. 1954, Prescott 1955, Sorokin 1957). Photosynthetic 
activity is not an exception from the general rule. 

A close link between the expressions of the upward and the downward 
reactions, as studied in these experiments, and the developmental status of 
cells makes plausible the suggestion that fluctuations in photosynthetic 
activity in the course of cell development observed by the present and other 
investigators (Tamiya et al. 1953, Nihei et al. 1954, Sorokin and Myers 1954, 
Sorokin 1957, Neeb 1952, Bongers 1958, Lorenzen 1959) actually depend on 
the expressions of these two reactions. The decline in photosynthetic activity 
of cells concomitant with the progress in their development actually is caused 
by the intensification of the downward reaction. The restoration of photo- 
synthetic activity, observed to coincide with cell division or soon after it, 
is actually an expression of the enhancement of the upward reaction. 

In addition to the developmental status and light intensity the expressions 
of these reactions are highly dependent on other environmental factors acting 
during photosynthetic measurements. The development and performance of 
a cell, as observed under a given set of environmental conditions, also greatly 
depend on the environmental conditions to which the organism was subjected 
prior to actual observations on cellular activity. On these depend the timing, 
the rates of, and, therefore, the balance between the competing upward and 
downward reactions. 

With the light-dark synchronization technique a full restitution of the 
intensity of the upward reaction may be accomplished during the dark 
period or extended over a portion of the following light period. As a result, 
the maximum photosynthetic rate observable during the life cycle of cells 
will coincide with the beginning of cell development at the start of the light 
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period or will be moved to a later developmental stage. The greatest expres- 
sion of the downward reaction may be observed sometime before or at the 
time of cell division. Correspondingly, the photosynthetic rate will hit the 
level lowest for the life cycle within a time interval close to cell division. 
The amplitude of fluctuations in the rates of these reactions and of the 
resulting photosynthetic activity may be also different and under certain 
conditions probably so small as to be missed or ignored. The combined 
effects of the external conditions during and prior to observations and of 
the developmental status of cells, which in its turn depends on the environ- 
mental factors as well as on the heredity of the organisms, make the situation 
changeable and changing. Under these conditions not the absolute values but 
only the trends in the directions of the cellular processes are of any per- 
manent interest. 


Summary 


The dependence of the time course of photosynthetic gas exchange during 
one photosynthetic experiment on the developmental status of cells was 
examined in connection with the effects of light intensity. The downward 
reaction, causing the rate of the gas exchange to go down, increases with the 
increase in light intensity and with the age of the cells. The upward reaction, 
responsible for the increase in the photosynthetic gas exchange, was found 
to ‘have characteristics similar to those of the process of photosynthesis. For 
both the maximum rates in the course of cell development are recorded for 
cells of intermediate age and in some interval of optimal (saturating) light 
intensities. It was suggested that the decrease in the rate of the upward 
reaction in older cells and oversaturation at higher light intensities might 
be expressions of the intensification under these conditions of the down- 
ward reaction. The possible connections of the downward and of the upward 
reactions with the decomposition and restitution of chlorophyll as normal 
parts of the turnover of chlorophyll molecules was discussed. It was empha- 
sized that whatever are the immediate causes of these two reactions they are 
closely bound with fluctuations of general metabolic activity exemplified by 
changes in respiration and growth rates in the course of cell development. 


This is a scientific Article A 858, Contribution No. 3158 of the University of Mary- 


land Agricultural Experiment Station. The work was supported by funds from the 
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The phenomenon of diurnal fluctuations in exudation and root pressure was 
first observed in 1858 by Hofmeister (1862). 

Grossenbacher (1938, 1939) and Skoog, Broyer, and Grossenbacher (1938) 
demonstrated the autonomic nature of the rhythmic phenomenon. From very 
careful experiments, van Andel (1953) concluded that the process was truly 
autonomic, although careful control of the environment could reduce the 
amplitude of the periodicity considerably. 

All workers on periodicity in exudation have attempted to explain the 
process. It was first assumed that periodicity of root pressure was directly 
related to the mechanism of root pressure itself, and that any mechanism 
proposed should also explain periodicity (Grossenbacher 1938). This assump- 
tion caused workers to doubt Sabinin’s (1925) classic explanation of root 
pressure as purely osmotic. A purely osmotic mechanism, it was felt, could 
not account for the fluctuations. Grossenbacher (1938) listed the following 
reasons: 


“1. It would be necessary to assume that solutes (organic and inorganic) 
were periodically released into and removed from the sap. 

“2, Since the volume of liquid in the xylem manometer system changes in 
the same way that the pressure changes, it follows that water must be 
entering and leaving at the same time solutes do. 

“3. To be effective osmotically, changes in solutes must occur in the same 
regions at which water enters and leaves.” 
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From experimental observations, Grossenbacher concluded that both water 
and solutes must enter and leave the xylem elements together, that such 
movement cannot be due to osmotic force, and that the original premise of 
osmosis is therefore incorrect. 

Explanations of periodicity of root pressure on the basis of diurnal fluctua- 
tion in tissue permeability are inadequate. Such tissue changes might account 
for fluctuations in rate of exudation but cannot explain periodicity in root 
pressure, which goes hand in hand with periodicity of exudation. According 
to the classic explanation, root pressure is considered an equilibrium value, 
and changes in permeability will affect only the rate of attaining the 
maximum value. 

Bünning (1956) associated diurnal fluctuations in turgor pressure with 
various periodicity phenomena. Enderle (1951) demonstrated diurnal fluctua- 
tions in turgor pressure in carrot tissue, attributing them to fluctuations in 
the production of respirable substrate and in the activity of the enzymes con- 
cerned. Bünning (1956) also has shown diurnal fluctuations in the activities 
of the enzymes involved in producing cellulose. Fluctuating turgor pressure 
has been proposed as responsible for diurnal fluctuations in exudation. The 
data supporting this view, however, are limited. 

Virgin (1951) found that the viscosity of the protoplasm of leaf cells of 
Elodea densa was maximal at night and minimal by day. This rhythm con- 
tinued for several days, but the time of maxima and minima could be changed 
by varying the periods of illumination. Changes in the viscosity of the proto- 
plasts may influence the permeability of tissue to water. Van Andel (1953) 
suggested that changes in the viscosity of the protoplasm, if demonstrated in 
root tissue, could account for changes in both salt transport and water move- 
ment. Such changes have not yet been demonstrated, however. In any case, 
such a demonstration still would not account for the fluctuations in root pres- 
sure, because changes in water permeability due to viscosity changes would 
not explain the periodicity in root pressure. 

Several workers (Mercer 1955) have suggested that a metabolic uptake of 
water, i.e., uptake against water potential or DPD gradients, was at least 
partly responsible for root pressure and for its periodicity. The results of 
several recent experiments, however, do not seem to require the hypothesis 
of metabolic water uptake (Mercer 1955, Ordin and Bonner 1956, Ordin et al. 
1956). More recently, Fensom (1958, 1959) proposed that electroosmosis may 
have a very important role in water uptake. Such an approach is promising, 
but it has not yet been shown that the difference in potential in the case of 
exudation is not simply due to differences in salt concentrations. 

Arisz and co-workers (1951) investigated the mechanism of exudation in 
the tomato plant rather thoroughly. Their basic working hypothesis was that 
Physiol. Plant., 13, 1960 


DIURNAL FLUCTUATIONS IN RATE OF EXUDATION 703 


the exudation process consists of an active transport of salts to the xylem 
vessels and an osmotic transport of water resulting from a difference between 
the osmotic values of the xylem sap and those of the external solution. The 
rate of exudation will then be determined by the movement of salts into the 
xylem and by the conductivity of the tissue to water. These workers demon- 
strated that the rate of exudation was decreased by increasing the concentra- 
tion of the medium. After a short time,-this decrease in rate was followed by 
an increase in exudation, produced by a salt secretion into the xylem that 
continued and enhanced the osmotic pressure of the exudation sap. Changes 
were the reverse when osmotic concentration was lowered. Similarly to van 
Overbeek (1942), these workers found that the concentration of the exuda- 
tion sap was too low to agree with their exudation rate equations. They 
accounted for this discrepancy by the following: 


1. Salts might be removed from exudate by adjoining cells during upward 
transport of the exudation sap. 

2. The sap might be diluted if the salt-secretion zone is smaller than the 
water-absorbing zone. 

3. There might be water transport that is inherently related to salt secretion 
and not directly related to osmotic regulation of the exudation process. 


They concluded that lower osmotic pressures than those expected to not 
necessitate acceptance of “active water secretion”, as van Overbeek (1942) 
assumed. 


Information is lacking on diurnal fluctuations in exudation and root pres- 
sure. Particularly, information is insufficient on the osmotic relations of the 
processes, their relations to salt uptake and secretion, and their relations to 
the respiratory rates of the root tissue. Without such information, a water- 
relations mechanism for the fluctuations cannot be substantiated. 


Materials and Methods 


All experiments were made on Helianthus annuus, variety “Advance”, with a 
genetically uniform population. The seeds were obtained from the Department of 
Agronomy, University of California, Davis. 

The seeds and seediings were germinated in acid-washed sand in the green-house. 
Seedlings were transferred in pairs when one week old to half-gallon Mason jars 
containing Hoagland’s nutrient solution. Plants were selected for uniformity of size 
several times during their growth period, so that, at three weeks before harvest, only 
one plant was left in each jar. The nutrient solution in each jar was changed weekly. 

Plants harvested for the experiments were 5 to 8 weeks old, actively growing, with 
well developed shoots, a stem diameter of about 1 cm., and silvery white roots weigh- 
ing 40—50 g. per plant. 
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Hoagland’s nutrient solution was made with chemically pure reagents in distilled 
water. The full-strength solution (1H) consisted of about 0.005 M Ca(NO3)2, 0.005 M 
KNO,, 9.002 M MgSO,, 0.001 M KH;PO,, and supplementary solution containing the 
mieronutrients. Iron was added in the form of a sequestine solution (1 ml. per liter 
of 2 %/ solution of sodium ferric ethylenediamine tetraacetate). The pH was main- 
tained within 6—7 during growth period. Dilutions of full-strength solution are 
represented by 1/2H and 1/4H. 

AÏ experiments were conducted in a constant-temperature room at 25°C +0.5°C. 
Humidity was constant at 50 /o+5 0/0. 

Plants grown in the greenhouse were transferred to the constant-temperature room 
when about six weeks old, each in a one-quart Mason jar containing a nutrient 
medium of known concentration. The plant was decapitated at the transition zone 
under the solution and the cut stump was connected tightly with a short rubber tube 
to.a 6 cm. long 10 mm. diameter glass tubing. Exudate was collected with a measuring 
pipette in a similar manner to that of Grossenbacher (1939). Evaporation losses be- 
tween measurements were kept to a minimum by covering the glass tube with 
aluminum foil. However, evaporation losses from an uncovered control tube were 
insignificant for the periods between samplings. Root pressure measurements were 
made on similar plants to those used in the exudation studies by attaching a mercury 
manometer to the cut stump with a short rubber tube. The joint between the cut 
stump and the manometer was taped with an elastic rubber tape to prevent leakage 
and loss of pressure. Measurements were made approximately every three hours for 
the duration of the experiment. 

All samples of exudate and medium were stored in a freezer, and their freezing 
point was determined as well as salt concentration and sugar content. Freezing point 
determinations were made by either the method proposed by Currier (1944) or that 
proposed by Marr and Vaadia (1960). Salt analysis, conducted only on the cations, 
was done with a Beckman DU flame spectrophotometer fitted with a line-operated 
photomultiplier unit. Analysis was made for calcium, magnesium, and potassium. 
Sodium proved to be present only in negligible amounts and was checked for at 
random. Sugars were analyzed by the method proposed by Hassid (1936), using 
ceric sulfate. Determination for total sugars was made after hydrolysis of the samples 
tested in concentrated hydrochloric acid. Sugars and other organic compounds were 
a negligible component of the exudate. 


Respiratory studies on whole roots and root tip sections were made with a War- 
burg respirometer with 100-ml. flasks. Sample size in each flask was between 5 and 
10 g., with a total occupied volume of about 50 ml. With this arrangement, accuracy 
was about 1 °/o at high respiration rates and somewhat worse at low rates. Roots on 
which respiration rates were measured were not sampled for exudate. Plants of the 
same population, however, were tested at the same time for periodicity of exudation. 


Concurrently with measurements of exudation rates, salt uptake was measured: 
Plants were placed in wide-mouth Erlenmeyer flasks containing 500 ml. of nutrient 
solution of known concentration. A side arm of 1/2 cm. glass tubing served as a 
volume control. At the beginning of the experiment the original nutrient solution was 
analyzed for the major cations. At each subsequent sampling of exudate the volume 
in the flasks was brought back with distilled water to the volume mark on the side- 
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arm, and a 5 ml. sample of the solution was withdrawn and replaced with the 
original nutrient solution. The 5 ml. sample was analyzed by flame spectrophoto- 
metry as discussed above. Thus the concentration of the medium as well as changes 
in the concentration could be calculated for any period, and plotted alongside the 
exudation rate. 


Experimental Results 


Figure 1 shows the fluctuation pattern of exudation rate and root pressure 
(average of duplicate determinations). The results confirm the observation of 
an autonomic periodicity in rate of exudation and intensity of root pressure. 
The maximum and minimum are at about noon and midnight in the initial 
cycle, and respectively shift gradually in later cycles to afternoon and 
morning. 

The similarity in periodicity between the exudatien rate and root pressure 
curves indicates that the factors controlling the two processes are similar, 
and that an explanation proposed for one should also explain the other. 


An attempt was made to determine whether diurnal fluctuations in exuda- 
tion depend on the salt regime of the plant and on absorption of salt from 
the medium. For this purpose, exudation rate was measured for plants exud- 
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Figure 1. General pattern of diurnal fluctuations in the rate of exudation and the intensity 
of root pressure. Plants grown in 1H solution and transferred to 1/2H before 
decapitation, at 10:00 p.m. 
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Figure 2. Erudation rates from distilled water. A-plants grown in 1H solution, 
B-plants grown in 1/2H solution. 


ing from distilled water. Figure 2, illustrating diurnal fluctuations in exuda- 
tion from distilled water, shows the relationships obtained for two groups of 
six plants. For 36 hours before decapitation, plants were immersed in distilled 
water that was replaced every six hours. Plants of both groups exhibited 
diurnal fluctuations in exudation. Again, maxima and minima were respec- 
tively at about noon and midnight, with a gradual shift to the right. Plants 
grown originally in 1H solution had higher exudation rates than plants grown 
in 1/2H solution. Thus, the results show that diurnal fluctuations in exudation 
did not depend on absorption of salts from the external medium during the 
experimental period. Plants immersed in distilled water continued to exude 
and exhibit diurnal fluctuations for five days. The data also show that rate 
of exudation depends on the salt balance of the root tissue. 

Relationship of Salt Concentration of the Exudate to Exudation Rates. 
Figure 3 presents the salt and osmotic relations in the root with respect to the 
exudation process. It reveals a good relationship among salt concentration, 
freezing point depression, and salt secretion during the measured exudation 
period. In general, peaks of salt concentration lag slightly behind peaks in 
exudation rates. This delay is only expectable, however, because the point 
of sampling the exudate is removed some distance from the locus of salt 
secretion into the xylem and some time will therefore elapse before any 
additional salts secreted into the xylem will appear at the cut stump. During 
maximum exudation a slight dilution effect can be detected in the solute con- 
centration (first three maxima in Figure 3). This dilution effect, although 
not understood, was observed in all twenty cases where salt concentration 
was measured. 
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Figure 3. Salt concentration of the exudate, freezing point depression of the exudate, and 
salt secretion into the xylem during exudation. 
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Figure 4. Concentrations of potassium, calcium and magnesium in the exudate 
for the results presented in Figure 3. 
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Figure 5. Exudation rate and root pressure values for plants confined to a 
dark chamber for four days before decapitation. 


Figure 4 presents the relationship between the concentrations of the three 
cations in the exudate of the plant represented in Figure 3 (plotted on a sim- 
ilar scale). On the whole, potassium fluctuated more regularly than the other 
cations. Nevertheless, correlation plots cannot be representative of concentra- 
tions at the point of secretion, as is indicated by the delay in maxima of salt 
concentration. Another complication arises from the different mobilities of 
the various ions. 

It appeared interesting to investigate the pattern of fluctuations in salt con- 
centration under a different pattern of periodicity in exudation. The pattern 
of periodicity of exudation or of root pressure can be materially affected by 
confining the plants to darkness for several days before decapitation. This is 
illustrated in Figure 5. It presents the pattern of exudation for two plants and 
is representative of a group of six plants confined to darkness before decapita- 
tion. The influence of the dark treatment was striking. 

Exudation rates and root pressures increased for about 24 hours, and then 
decreased for about the same period. After this unusually long initial cycle, 
diurnal periodicity began — but the times of maxima and minima were 


reversed — maximum at night and minimum by day. It is not known why 
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Figure 6. Relation between salt concentration and exudation rate for a plant 
confined to darkness before decapitation. 


the pattern of exudation rate is influenced markedly by a dark period. This 
question will be investigated further. Nevertheless, these reversed fluctuations 
provided a tool to investigate the relationship between exudation rate and salt 
concentration. The results are presented in Figure 6. They show excellent 
relationship between exudation rate and total salt concentration of the 
exudate. As already noted, maximum salt concentration lagged behind max- 
imum exudation rate. The pattern of periodicity was changed by dark treat- 
ment, having a rather long initial cycle, somewhat longer than 48 hours, with 
succeeding maxima and minima of exudation the reverse of those for plants 
not subjected to a dark treatment. The important point is that the periodicity 
of salt concentration of the exudate was also reversed, indicating an intimate 
relationship between the two phenomena. Freezing-point depression was not 
determined. | 

Effect of Inhibitors. It was demonstrated that both dinitrophenol (DNP) 
and potassium cyanide (KCN), as well as several other metabolic inhibitors, 
can inhibit exudation rate (van Andel 1953). Studies with these materials, 
however, have been for only a short period after application, and their influ- 
ence on diurnal fluctuations in exudation is unknown. 

Figure 7 illustrates the results obtained with DNP. In this case five-week- 
old plants grown in 1/2H solution and exuding from distilled water were 
inhibited about two days after decapitation with DNP in a concentration of 
2.5x10-° M. Exudation decreased immediately. Periodicity persisted, though 
exudation was much slower than in the control and decreased to very low 
values during the next period. The succeeding maximum, however, occurred 
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Figure 7. The effect of DNP on the exudation rate. DNP concentration 2.5X10-5 M. 


when expected, though is hardly perceptible on the compressed scale of 
Figure 7. The sampling, done with a pipette calibrated to 0.001 ml., should 
be considered reliable. 

To verify whether the effect of DNP was reversible, the plant was removed 
from the jar, washed several times with distilled water, and placed in distilled 
water. As illustrated in Figure 7, exudation resumed and reached a maximum 
at the same time as in the control. Thus, at least in this case, the influence 
of DNP was reversible. 

In general the influence of KCN on the exudation process was very similar 
to that of DNP. 

Salt Absorption Measurements. Since the data from previous experiments 
indicated a fairly close relationship between salt concentration of the exudate, 
salt secretion to the xylem, and exudation rate, it was decided to find out 
whether these three are related to fluctuations in salt uptake. 

The plants were grown in 1/2H solution, brought to the constant-tempe- 
rature room when five weeks old, placed in 1/2H solution, and decapitated at 
midnight. Exudation and salt concentrations in the medium were measured 
concurrently. There were four replications of the experiments. The pH of 
the nutrient solution, checked at frequent intervals, remained fairly con- 
stant, at 6.4. 

Figure 8 illustrates the external concentration of salts in terms of the 
three major cations present; potassium, calcium, and magnesium. Total salts 
represent the summation of the concentrations of these cations. Since the 
solution used was made up with chemically pure reagents in distilled water, 
the amount of sodium present was negligible. All salt analyses in this experi- 
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ment were made in triplicate. The measurements for potassium are more 
precise than those for calcium and magnesium, which at some of the lower 
concentrations cannot be trusted as closer than 20 °/o. 

For the first two days, the concentration of salts in the medium generally 
decreased, corresponding to a continued absorption of salts from the medium. 
The decrease was most apparent in potassium, where concentrations de- 
creased in two days from the initial 3 me/liter to somewhat over 1 me/liter; 
then it began to increase, indicating a release of this cation by the root tissue. 
This tendency to diffuse out of the tissue was not apparent with calcium and 
magnesium. There was a general decline of the concentration of these ions, 
or no apparent change. 

In the four cases studied, no fluctuations were detected in rate of absorp- 
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tion of salts. Potassium, measured the most accurately, shows a rather smooth 
curve of constant slope. The scatter shown for magnesium and calcium may 
be attributable to poorer precision in determination rather than to inherent 
diurnal fluctuations in rate of salt uptake. No fluctuations are apparent when 
these data are plotted in terms of rate of absorption. 

Respiration Measurements. Since autonomic fluctuation in exudation rate, 
root pressure, and negative exudation is inhibited by respiratory inhibitors, 
workers expected to find a periodicity in respiration rate itself. This was 
observed in certain cases (Bünning 1956). 

Respiration was measured in plants of two age groups — two weeks old and 
five weeks old. The plants were brought to the laboratory in the afternoon, 
and measurements were begun at 6:00 p.m. The respiring tissues were placed 
in nutrient media of 1/2H, the same medium in which the plants grew in the 
greenhouse. Each Warburg flask contained about 10 g. of root tissue, 40 g. 
of nutrient medium, and 60-—70 ml. of gaseous phase. With this arangement, 
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flask constants were about 7, and, considering the respiration rates obtained, 
the measurements were rather accurate. 


Measurements were made on the following samples: 1) whole root systems, 
decapitated at the transition region; 2) root sections, a rather arbitrary group 
made up of root sections usually no longer than five centimeters; 3) root tips 
— a group made up of primary root tissue no longer than two centimeters 
from the root apex but sometimes shorter. The first group was measured in 
duplicate, the other two in triplicate. 


Figure 9 presents the results for the two-week-old group. No fluctuations 
in respiration rates were evident; instead, there was a gradual decline. 
Respiration rates were generally lowest for whole roots, and highest for root 
tips. Respiration rates were higher for young roots than for older roots, except 
in tips. Respiration rate declined much faster in the root-section and root-tip 
groups than in the whole-root groups. The difference is attributable to the 
lower amount of respiratory substrate in the former groups. Results were 
essentially similar for the five-week-old plants. 

The respiratory experiments were done three times, with no fluctuations 
detected. The data reported here are on the third run, in which the influence 
of oxygen tension and gas evolution, mentioned previously, was kept at a 
minimum to get more precise results. 

The amounts of sugars in the exudation sap of herbaceous plants are re- 
ported to be negligible compared with salt concentration (Arisz et al. 1951). 
Nevertheless, analysis for total sugars was made on diluted and undiluted sap 
samples. In no case were the results significant enough to warrant calcula- 
tions of the amount of sugar in the exudate. Thus, salts are the main 
components. 


Discussion and Conclusions 


The exudation process can be visualized as resulting from the difference in 
osmotic concentrations between the xylem and the external media. Rate of 
exudation will depend both on osmotic concentration in the xylem and on the 
permeability of the tissue to water. Osmotic concentration in the xylem will 
depend on the rate of salt entry from the surrounding tissues regardless of the 
mechanism (Arisz 1956). The permeability of the tissue to water will depend 
on a variety of factors that influence the physical properties of the cytoplasm. 
This concept for the exudation process is not new. In essence, it is an osmotic 
process sensitive to factors that influence metabolism to the degree that they 
include omotic concentration in the xylem and the permeability of the tissue 
to water. Thus, exudation rate will have biological properties. 

Physiol. Plant., 13, 1960 


714 YOASH VAADIA 


The phenomenon of autonomic diurnal fluctuations in exudation and root 
pressure was shown to be well correlated with diurnal variations in the rate 
of salt ‘entry into the xylem. It was shown that the salt concentration of the 
exudate is subject to diurnal fluctuations similar to those of exudation, and 
that the osmotic pressure of the sap fluctuates diurnally in a similar manner 
(Figure 3). It was further illustrated (Figure 2) that plants grown in full- 
strength Hoagland’s solution and immersed in distilled water exuded at higher 
rates than plants treated similarly but grown in half-strength nutrient solu- 
tion. In all plants, salt concentrations were higher in the exudate than in the 
external medium. Exudate from plants exuding from distilled water also 
proved to contain appreciable amounts of salts. Sugars were not detectable 
in the exudate. This, and the good correlation between freezing-point depres- 
sion (and thus osmotic pressure) and salt concentration of the exudate, 
indicate that the salt concentration of the exudate is responsible for its 
osmotic value. 

The rate of salt entry into the xylem thus appears to be an important factor 
in controlling periodicity. Fluctuations in the rate of salt transfer into the 
xylem will influence the osmotic value of the exudate, and hence will produce 
concurrent fluctuations in exudation rate. 

The necessity of energy in the over-all process of salt transfer into the 
xylem in the case of exudation is illustrated by the fact that the salt concen- 
tration is always higher in the exudate than in the external medium, This 
represents a considerable difference in electrochemical potential, which must 
be maintained by some source of energy, ultimately respiratory. Therefore, 
it is concluded that the over-all process of salt entry into the xylem in topped 
plants is related to metabolism and that the endodiurnal mechanism, through 
metabolism, controls this entry and consequently the exudation rate. 

The respiratory studies carried out gave no evidence of periodicity. If it 
exists, it is small indeed. Since only a portion of the respiratory energy is 
utilized in salt transport, however, a periodicity in this portion can explain 
the periodicity in salt transfer to the xylem. However, the periodicity may be 
based on a regulatory mechanism that allocates various proportions of this 
energy among the various channels. 

The mechanism outlined above, in which diurnal fluctuations in salt move- 
ment into the xylem govern fluctuations in exudation, applies equally well to 
root pressure. Here the system is closed, and salts are not lost through exuda- 
tion. The fluctuations are caused by fluctuations of salt balance. Salts are 
given into the xylem during the day, causing maximal pressures. Since the 
system is closed they tend to build up to high concentrations. At night these 
concentrations are thermodynamically too high to be compatible with the salt 
balance at the time. Salts will be absorbed back by the tissue from the xylem, 
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reducing pressures. This is analogous to decreased rates of salt entry into the 
xylem at night in’ the case of exudation, but there, since the system is flowing, 
backward uptake does not take place for there is no build-up of salts in 
the xylem. In view of the fluctuations, Grossenbacher’s objections to an 
osmotic mechanism for root pressure are not well founded. The objection 
that “both water and solutes must enter and leave the xylem together, that 
such movement cannot be due to osmotic force and that the original premise 
of osmosis is therefore incorrect” overlooks the control of salt movement by 
metabolism and the nature of the “dynamic equilibrium” involved. The water 
moves in response to salts taken up or released to the xylem somewhat pre- 
viously, and solutes are being transferred actively. Thus, although the move- 
ment is indeed in a solution, the forces responsible for the movement of the 
solutes are different from those responsible for that of the water in the solution. 
The above mechanism can also account for diurnal fluctuations in negative 
exudation. Hagan (1949) proposed that diurnal fluctuations in the hydration 
of the plasm may be responsible. In view of the similarity between the pro- 
cesses of fluctuations in negative exudation and periodicity of positive exuda- 
tion, it is very likely that the mechanisms are similar. During the day, be- 
cause of increased salt movement from the cortex to the xylem, the gradient 
between xylem and cortex is reduced, and less water will move from the 
xylem to the cortex. At night, in contrast, when salt movement is reduced or. 
may even be reversed, as in the case of root pressure, the gradient becomes 
larger, and more water will flow from the xylem to its surrounding tissues. 
The periodicity of salt concentration was observed to lag behind that of 
exudation. This may indicate that there is no causal relationship between salt 
concentration and exudation rate. It must be remembered, however, that 
samples of exudate taken at a point removed from the locus of entry of salts 
and water into the xylem (i.e., the cut stump) may not represent actual con- 
centrations at the locus of entry. The existence of the lag may help explain 
some of van Overbeek’s results suggesting an active “metabolic” water up- 
take. Working with tomato, van Overbeek (1942) demonstrated “compensa- 
tion concentration” of the external solution, i.e., that the concentration at 
which exudation stops is always higher than that of the exuding sap. In his 
opinion, this observation and the partial inhibition of exudation rate by CN” 
indicate that water can be taken up actively or against free energy gradients 
by being transported directly by respiratory energy. Arisz and co-workers 
(1951) proposed their own reasons for the discrepancy, which they also had 
observed. Their reasons are given earlier herein. The data presented in this 
paper that show a lag of fluctuations in salt concentration point to the possi- 
bility that osmotic concentration at compensation should not be identical in 
the measured exudate and in the external medium. During compensation 
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experiments the concentration of the sap is increasing (Arisz et al. 1951). At 
compensation, because of the lag, the concentration of the exudate is still 
not that which is effective at the locus of absorption. In the case of fluctua- 
tions it is seen that rate of exudation is already decreasing when the concen- 
tration measured is at maximum. Thus, if it were possible to measure the 
concentration in the xylem at the absorption locus, it might prove to be iso- 
tonic. In a further paper concerned with the dispersion and relative mobilities 
of tritiated water and labeled ions it will be shown that upward movement by 
dispersion in the xylem is slower than previously supposed. 

When exudation is vigorous (above 1 ml./hr. and plant) and at maximum, 
a dilution of the exudate can be noted (Figure 3). This departure from the 
relationship between salt concentration is not understood. It implies a contri- 
bution to the flow process by hydrostatic forces distinct from osmotic gra- 
dients. Although not understood, this dilution effect was also detected by 
Fensom (1958) in studies on electroosmosis and its role in water transport, 
and more recently by Hodges and Vaadia (1960) in the case of autonomic 
diurnal fluctuations in transpiration. 


Summary 


The phenomenon of autonomic diurnal fluctuations in exudation and root 
pressure from decapitated sunflower plants is shown to be related to the 
rate of salt entry into the xylem. Salt concentration and osmotic pressure 
of the exudate are subject to diurnal fluctuations similar to those of exuda- 
tion. The pattern of fluctuations in exudation and salt concentration can be 
modified by confining the plants to darkness before decapitation. The period- 
icity continues for several days regardless of whether the roots are immersed 
in nutrient solutions or distilled water. No fluctuations were detected in root 
respiration or nutrient uptake rates. 

Autonomic diurnal fluctuations in exudation and root pressure are attrib- 


uted to a periodicity of salt transfer into the xylem. The implications of such 
a mechanism are discussed. 
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The potential usefulness of pigment deficient mutants for studies of plant 
metabolism is dependent upon a knowledge of the degree to which the various 
pigments are present in the intact leaf tissues. Previous studies of the pig- 
ments extracted from seedling cotyledons of the yellow and white mutants 
of Helianthus annuus L. indicated that: 1) both mutants are capable of chloro- 
phyll synthesis (4, 5); 2) the extent of chlorophyll accumulation is dependent 
on the intensity of illumination of the developing seedlings (5); and 3) both 
mutants have blocks in carotenoid synthesis: extracts of the white mutant 
cotyledons contain no detectable colored carotenoid pigments while those 
from yellow mutant cotyledons contain xanthophyll but no carotene (4). 
Comparable studies of extracted pigments from mature leaves of these strains 
had not been done nor had there been any attempt to measure spectra of the 
pigments in their natural state in either the leaves or the cotyledons. This 
paper summarizes the results of measurements of absorption, fluorescence 
and derivative absorption spectra of intact leaves and cotyledons and acetone 
extracts of white and yellow mutant and normal green sunflowers grown in 
the Carnegie Institution’s greenhouses at Stanford, California, during the 
summer of 1959. 


Methods 


Seeds were germinated in sand in the greenhouse and seedlings were used seven to 
ten days after planting. Mature mutaut leaves were obtained by making approach 
grafts between week-old mutant and normal seedlings. The development of albino 
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plants grafted in this way is less vigorous than that of those grafted onto older stocks 
but the percent of successful grafts is much higher and this technique makes it pos- 
sible to obtain mature leaves of these albino forms in a much shorter time. All plant 
materials used for these measurements were grown in full sunlight except for a few 
normal and white mutant seedlings grown in the darkroom. 

Absorption spectra were measured with a Beckman DK-2 recording spectrophoto- 
meter. Spectra of intact leaves and cotyledons were measured in this instrument 
using the opal glass method. Specimens were mounted in a holder described by 
Smith, Shibata, and Hart (3). Fluorescence spectra were measured using an exciting 
beam of 436 mu. This technique makes possible the identification of fluorescent pig- 
ments in intact living material which are present in amounts too small to be detected 
by absorption spectra (1). The derivative spectrophotometer developed by French (2) 
plots the first derivative of optical density and was used in an attempt to detect 
minor bands which are obscured by more strongly absorbing pigments. 

Acetone extracts of total pigments from leaves and cotyledons were prepared by 
grinding weighed amounts of freshly harvested materials with a small amount of 
sand in a mortar. Breis were filtered and the filter paper was washed with additional 
portions of acetone until the filtrate was colorless. Extracts were then diluted to an 
appropriate volume for measurement of absorption, fluorescence or derivative 
spectra. 


Results and Discussion 


Absorption spectra. Spectra of living cotyledons (Figure 1) demonstrated 
the presence of small amounts of chlorophyll in the yellow mutant by the 
characteristic peak in the red. White mutant cotyledons, grown under the 
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Figure 1. Absorption spectra of intact nor- 
mal green, yellow, and white mutant 
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Figure 2. Absorption spectra of intact nor- 
mal green, yellow, and white mutant leaves. 
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same conditions of full sunlight, showed no measurable peak in the red, nor 
were there any indications of the peaks characteristic of chlorophylis or 
carotenoid pigments in the blue. The persistence of chlorophyll in the yellow 
mutant under conditions in which the white mutant is completely bleached 
indicates that even a limited synthesis of carotenoids (xanthophyll but no 


Figure 3. Absorption spectra of acetone 
extracts of normal green, yellow, and white 
mutant cotyledons. Extracts from one gram 
samples were diluted to the following vol- 
umes: Green: 100 ml., yellow: 50 ml., white: 
10 ml. 


OPTICAL DENSITY 


Physiol. Plant., 13, 1960 


SPECTRA OF NORMAL AND MUTANT LEAVES 721 


OPTICAL DENSITY 
© 
© 


Figure 4. Absorption spectra of acetone 
extracts of normal green, yellow, and white 
mutant leaves. Extracts from one gram 02 
samples were diluted as follows: green: 
200 ml. yellow: 25 ml., white: 10 ml. 
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carotene) may prevent the complete photooxidation of chlorophyll. Although 
the absorption spectra of intact mature yellow mutant leaves showed no 
chlorophyll peak in the red (Figure 2), the presence of chlorophyll was 
demonstrated by the absorption spectra of acetone extracts. (Figure 4). Esti- 
mates of the relative chlorophyll content of yellow mutant leaves and coty- 
ledon based on the relative peak heights at 666 mu of acetone extracts (Figures 
3 and 4) are given in Table 1, using 84 as the optical density of 1 cm. of a 
1 g/l. solution of chlorophyll a in acetone. 


Fluorescence spectra. Although evidence from absorption spectra of leaves, 
cotyledons and acetone extracts indicated the complete absence of chlorophyll 
in leaves or cotyledons of the white mutant grown in full sunlight, the pos- 
sibility remained that trace amounts, too small to detect by these means, were 
still present. The fluorescence spectra of intact cotyledons (Figure 5) and of 
intact leaves (Figue 6) showed no evidence for the presence of chlorophyll 
in cotyledons or leaves of the white mutant. In cotyledons of the yellow 
mutant the main fluorescence peak is at 682 mu, about the normal position, 
while in the yellow mutant leaves it was at 677 mu indicative of an unusual 
form of chlorophyll. In acetone extracts, the fluorescence peak of prepara- 


Table 1. Chlarophyll a content of sunflower leaves and cotyledons, mg/gm. fresh weight. 


ep SS 


Strain Leaves | Cotyledons 
Normal een 1.6 0.59 
Yellow mutant ......... 0.1 0.07 
White mutant............ 0 0 
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Figure 5. Fluorescence spectra 
of normal green, yellow, and 
white mutant cotyledons. Ex- 
citing wavelength was 436 
-mu. Curves for the white mu- 
WHITE AND BASE LINE tant were the same as the 
baseline. 


FLUORESCENCE 


650 700 750 mp 600 


tions from both yellow mutant and normal green leaves was at 667 mu 
(Figure 7). 

Derivative spectra. Several questions remained which could, in part, be 
answered by derivative absorption spectra: 1) in the yellow mutant, where 
the chlorophylls and at least one group of the carotenoid pigments persist in 
plants grown in full sunlight, are the positions of absorption peaks in vivo 
the same as in normal green leaves, or are there some differences indicating 
differences in the components of the pigment systems present? 2) In the white 
mutant, where no evidence for the presence of any of the normal colored 
carotenoids had been found, could any of the characteristic peaks be demon- 
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Figure 6. Fluorescence spectra of nor- 
mal green, yellow, and white mutant 
leaves. Exciting wavelength was 436 
mu. Curves for the white mutant were 
the same as the baseline. 0 
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Figure 7. Fluorescence spectra 
of acetone extracts of normal 
green, yellow, and white mu- 
tant leaves. Exciting wavelength 
was 436 mu. Curves for the 
white mutant were the same 
as the baseline. 0 


FLUORESCENCE 


600 my 


strated in derivative spectra? 3) With regard to protochlorophyll formation 
in dark-grown seedlings, and its subsequent conversion to chlorophyll a in the 
light, is the pattern in the mutant forms comparable to that in normal green 
seedlings? 

Figure 8 shows the derivative absorption spectra of intact normal, yellow 
mutant and white mutant leaves. The concentration of chlorophyll in mature 
leaves of the yellow mutant was too low to be detected in the red portion 
of the spectrum by derivative spectrophotometry and it is probably correct 
to assume that chlorophyll would not contribute significantly to absorption 
in the blue under these circumstances. The observed maxima at 453 and 
484 mu must, therefore, be characteristic of the carotenoid (or carotenoids) 
present. Previous analysis of spectra of extracted and purified pigments indi- 
cated that the carotenoid fraction from yellow mutant seedlings contained 
only xanthophyll and there was no evidence of the presence of carotene (4). 


NORMAL GREEN 
SENS :10 


550 650 750 


600 


YELLOW MUTANT SENS:25 

Figure 8. Derivative absorp- 
tion spectra of normal green, 
yellow, and white mutant 
leaves. 
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These measurements are consistent with the earlier findings that none of the 
other commonly occurring plastid pigments are present. 

There was no evidence of any of the normal plastid pigments in leaves or 
cotyledons of the white mutants which had been grown in full sunlight. It 
was possible, however, to extract protochlorophyll with acetone from white 
mutant seedlings grown in the dark and the conversion by light of proto- 
chlorophyll to chlorophyll in the intact cotyledons of such seedlings has been 
demonstrated by derivative spectrophotometry. The initial conversion of 
protochlorophyll to chlorophyll after a 1-minute exposure to light of 150 ft. c. 
intensity resulted in a shift of the absorption maximum from 651 mu to 
685 mu. After one hour of additional illumination at 10 ft. c. the peak position 
shifted to 672 mu. A comparable treatment of dark-grown normal green seed- 
lings resulted in an initial shift of the absorption maximum from 684 mu 
before illumination to 682 mu after a 1-minute illumination at 150 ft. c. and 
a shift to 675 mu after 2 hours additional illumination with light of 10 ft. c. 
intensity. Although the patterns of changes in the white mutant and normal 
green seedlings were very similar and the extent of initial chlorophyll forma- 
tion was about equivalent, differences in chlorophyll accumulation soon be- 
came apparent. The lack of chlorophyll accumulation in the white mutant 
seems to be caused by the rapid destruction of chlorophyll in the light. 


Summary 


Absorption, fluorescence, and derivative spectra of intact cotyledons and 
leaves and of acetone extracts of cotyledons and leaves of normal green and 
of white and yellow mutants of Helianthus annuus L. have been compared. 
The persistence of small amounts of chlorophyll in mature leaves of the yel- 
low mutant grown in full sunlight has been shown. Although the presence of 
protochlorophyll in the seedlings of the white mutant grown in the dark has 
been confirmed and the conversion of protochlorophyll to chlorophyll in the 
light has been demonstrated in intact white mutant cotyledons, spectra of 
white mutant material grown in full sunlight showed no evidence of any of 
the normally present plastid pigments. 


These studies were supported in part by a grant from the National Science Founda- 
tion (NSF-G8972). 


References 
1. French, C. S.: Fluorescence spectrophometry of photosynthetic pigments. -- In “Lumin- 
escence of biological systems”, p. 51. F. H. Johnson, Ed. A.A.A.S., Washington, 


D.C. 1955. 
Physiol. Plant., 13, 1960 


SPECTRA OF NORMAL AND MUTANT LEAVES 725 


2. — Derivative spectrophotometry. — Proc. I.S.A. p. 83. 1957. 

3. Smith, J. H. C., Shibata, K., & Hart, R. W.: A spectrophotometer accessory for measur- 
ing absorption spectra of light scattering samples: Spectra of dark-grown albino 
leaves and of adsorbed chlorophylls. — Arch. Biochem. Biophys. 72: 457. 1957. 

4. Wallace, R. H., & Habermann, H. M.: Genetic history and general comparisons of two 
albino mutations of Helianthus annuus L. — Amer. Jour. Bot. 46: 157. 1959. 

5. — & Schwarting, A. E.: A study of chlorophyll in a white mutant strain of Helianthus 
annuus, — Plant Physiol. 29: 431. 1954. 


Physiol. Plant., 13, 1960 


PHYSIOLOGIA PLANTARUM, VOL. 13. 1960 


Action Spectra of Induced Phototactic Response 
Changes in Platymonas 


By 


PER HALLDAL 


Department of Plant Physiology, Lund, Sweden 
(Received June 26, 1960) 


Introduction 


In Platymonas subcordiformis (Wille) Hazen (Gibor’s strain) a desired 
phototactic response may be induced by a proper balance of the cations 
Ca?*, Mg?*, and Kt (Halldal 1959). In long time experiments Platymonas 
subcordiformis may also be balanced at a certain light intensity of “white” 
light, provided proper culture conditions exist (Halldal Z.c.). It was therefore 
assumed that light, through the photosynthesis of the algae, induces changes 
either directly in the physiology of the algae, or indirectly by altering environ- 
mental conditions which then in turn influence the photic response. An action 
spectrum analysis of induced phototactic response changes may indicate 
which pigment or pigment complex is involved in this reaction, and if photo- 
synthesis is involved, directly or indirectly, the action spectrum of photo- 
synthesis would be the expected result. 


This investigation has been concerned with the analysis of certain photo- 
tactic changes (positive to negative and vice versa) at different wavelengths 
of light. A certain phototactic response close to a phototactically “random 
motion stage” (see Halldal 1959) was first induced in the population by 
cation balances or by adaptation to environment. It is concluded that a pig- 
ment system different from the photosynthetic is involved in the mode of 


response in Platymonas, in addition to response changes induced by photo- 
synthesis. 
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Materials and Methods 


Platymonas subcordiformis (Wille) Hazen, Gibor’s strain was grown under sterile 
conditions in a medium which was developed to meet requirements, not only for 
growth but also for phototaxis. In the medium below Platymonas shows a slight 
positive phototaxis close to a random motion stage. The medium has the following 
composition: 

NaCl, 30 g; MgSO, : 7H20, 5 g; KCl, 0.9 g; CaCl; : 6H50, 1.5 g; K2HPO4, 0.01 8; 
KNO;, 0.1 g; Tris (tris(hydroxymethyl)aminomethane), 1 g; EDTA-Na (ethylene- 
diamine tetra-acetic acid), 0.03 g; trace elements according to Hutner and Provasoli 
1951; pH 7.5. 

The algae were grown in two litre Erlenmeyerflasks under two 40 W Philips’ 
fluorescent tubes (daylight type). Additional red light was supported by two 75 W 
incandescent lamps. The light intensity was about 1000 lux, and the temperature 
around 25°C. A transfer to a new medium was performed every other day from a 
10 to 12 days old culture, and cells from 10 to 12 days old cultures were used 
during the experiments. 

Algae with a 90 to 100 °/o negative response close to a random motion stage were 
produced in the following way: 

About 200 ml. of a 10 to 12 days old culture was centrifuged at about 500 g for 
five minutes and the algae resuspended in the following mixture: 

NaCl, 0.5 M; CaCb, 0.01 M; MgClo, 0.02 M; KCl, 0.006 M; KHCOs, 0.001 M. The pH 
of this mixture was 7.5. 

The suspension was immediately placed in the dark and kept in the dark during 
the experiments. Samples for experiments were removed from the algal suspension 
in dim light which was shown not to affect the phototactic response of the algae. 

Algae with a 90 to 100 °/o positive response were usually obtained by leaving the 
suspension with negatively reacting organisms in the dark over night. During this 
time the algae got adapted to the environment which resulted in a change in photo- 
tactic response. In some experiments positive response was induced by illuminating 
the sample for 10 minutes with weak “white” light from an incandescent lamp. The 
material was in every case checked against.a reference wavelength usually every one 
and a half hours. For induced positive response this wawelength was 427 mu, and 
for induced negative response 590 mu. The action spectra were finally adjusted on 
a relative scale according to these (see below). 

Principle of measurements. The measurements were based upon the following 
principle: (see Figure 1) 0.3 ml. of the algal suspension (Sm) was transferred to a 
Beckman spectrophotometer 1 cm. couvette with optically polished bottom. The 
couvette was attached to a motor (M) and rotated at about 100 revolutions per minute. 
This was done in order to prevent the algae from settling by phototaxis and gravity. 
The sample was illuminated from below with “monochromatic” light of dif- 
ferent wavelength (L;). This light was used to induce phototactic changes. During 
this irradiation the light (Ly) which was used in studies of the phototactic behaviour 
of the algae was shut off. The exposure time was followed with a stop watch. After 
a predetermined time the light, L,, was shut off, and the sample irradiated with Le 
and the accumulation for this light source was studied during one minute in a 
horizontal microscope (not included in Figure 1). If a complete transformation 
(90 to 100 °/o negative to 90 to 100 °/o positive or vice versa) was not achieved during 
this illumination, a new sample was taken and the exposure time was increased. 
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Sh 
| Figure 1. The set-up for light in- 
duced phototactic response changes 
and recording of the response. For 

| explanation see text. 
In cases where a complete transformation occurred the next exposure time was 
diminished. In this way the shortest exposure time that caused complete transforma- 
tion was determined. The highest fit that could practically be obtained was a devia- 
tion of about 10 °/o from the total exposure time. The principle for determining the 
action spectra is as follows: If the exciting beam for induced response changes is 
adjusted to give equal numbers of incident quanta at each wavelength over the whole 


1 
spectral region, the effect W, of any wavelength ; is equal to a where t, is the 
necessary minimum time required to induce complete reversal of the mode of re- 
1 : ‘ 
sponse. Plotting ay a linear scale against wavelength gives the action spectrum for 


this reaction. In practical experiments the measurements were modified somewhat. 
The incident energy was ordinarily adjusted for equal energy. In a few cases dif- 


50 cm 


Figure 2. Schematic diagram of the projector used to induce phototactic response changes. 
For explanation see text. 
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Table 1. Filter combinations used during irradiation. 
we 


Interference CuSO,°5H,O Schott filters Celluloid 
filters mp 1 cm 2 mm filter Remark 

ln ne TE |e ee see 
405 10 % BG3 
427 10807 BG3 
465 10 % GG5 Blue 
490 10 % GG5 Blue 
505 10 % GG14 Blue 
525 1059 GG14 Blue 
545 10 % OG1 
555 10 % 0G2 
580 10 % OG2 
590 10 % OG2 
600 1059 OG2 
620 255 OG2 
625 2% OG2 
630 2207 0G2 
655 2% 0G2. 
660 25% OG2 
685 A OG2 The 660my filter had 
740 2 cm of water RG9 a shoulder at 680 mp. 


ferent energy content was applied, but in every case calculations have been made to 
meet the requirements of the principle outlined above. 

Apparatus. Schematic diagram of the apparatus used for the irradiation of the 
sample and the recording of the algal distribution is given in Figure 2. The light 
source, I;, was a Philips’ 400 W, 130 V projector lamp (Type 6117/05) mounted in 
a lamp house, LH;, and cooled by a fan, F. The rays passed through a heat filter, 
HF, and the filament of the lamp was focused by the condenser, L;, on interchange- 
able interference filters, IF, in combination with Schott filters and celluloid filters, 
SF. Infrared radiation was removed either by a CuSO, filter or a 2 cm layer of water 
in a Perspex couvette, F,, (see Table 1). The Schott filters and celluloid were used in 
order to eliminate second order bands of the interference filters and to reduce stray 
light. The interference filters had a half band width of 20 my or less. A second con- 
denser, Ly, projected, by means of the prism, Pr, an image of the lamp filament 
somewhat off focus onto the bottom of the Beckman couvette, C, containing the 
sample. This gave a high intensity uniform illumination of the sample. The couvette 
was attached to the motor, M, by means of a rubber stopper and a glass rod. The 
speed of the motor was regulated by means of a built-in resistor. The light was ordi- 
narily adjusted to give 21,000 ergs/cm?sec at each wavelength. Light measurements 
were performed with a Moll and Burger Standard Thermopile (E5), firm Kipp & 
Zonen, and a Kipp &*Zonen Portable Galvanometer (Pa A, 70). The light intensity 
was adjusted by means of a variable transformer and the voltage controlled with an 
electronic Philips voltage stabilizer (Type PE 4222). 

The light source for phototactic accumulation, L, was a Philips 6 V, 5 A, lamp 
(Type 6107) mounted in a lamp house, LHg, and run at 3 V. This light passed through 
a 2 cm 10 %o CuSO; -5H,O liquid filter, F2, and a blue-green celluloid filter, Fs. 
This gave a weak, but sufficiently strong illumination for a distinct phototactic 
accumulation, but it did not interfere with response changes during the short expo- 
sure time. This light was collimated by the lens, La. 
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The illumination for the horizontal microscope (not in Figure 1 or Figure 2) was 
a 4.5 V flash light lamp run at 3 V. The light was collimated by a lens and focused on 
the sample normal to the light for induced phototactic changes and phototactic 
accumulation, and optically lined up with the horizontal microscope. The experi- 
ments were performed in a light tight box as indicated in Figure 2. 


Results 


Induced positive phototaxis. Figure 3 gives the action spectrum for induced 
positive .phototaxis from a population with 90 to 100 °/o negative response. 
This shows that violet to green light, and also red light are effective in this 
transformation. À complete transformation was usually achieved in about 
3 minutes between 400 and 500 mu, and at 660 and 685 mu. Maximum in the 
blue region occurred around 430 mu, but due to the rather flat curve and 
the relatively broad spectral bands used the exact position of the peak can- 
not be stated. 

A much narrower spectral band in the red region was effective in the trans- 
formation from negative to positive phototaxis. A complete positive response 
has only been obtained at two of the wavelengths used, namely at 660 and 
685 mu. At 655 mu it was not possible to induce complete positive response. 
At this wavelength a population with about 50 °/o positively and 50 °/o nega- 
tively reacting cells was usually obtained. The pronounced effect at 660 mu 
and the short distance between this wavelength and 655 mu seem unreason- 
able. However, as stated in Table 1 the 660 mu interference filter had a shoul- 
der at 680 mu which certainly affected the measurements. For this reason 
the peak of the curve should most probably be shifted somewhat to longer 
wavelengths. No measurements have been performed between 685 and 
740 mu, and observations in this spectral region may give additional informa- 
tion as to the shape of the action spectrum curve. No transformation occurred 
at 740 mu. It was not possible to induce 90 to 100 °/o positive phototaxis be- 


Figure 3. Action spectrum of induced positive 
phototaxis in a Platymonas-population orig- 
inally reacting negatively. ; 


400 500 600 700 
Wavelength in mp 
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Figure 4. Action spectrum of induced negative 
phototaxis in a Platymonas-population orig- * 
inally reacting positively. 


400 500 600 700 
Wavelength in mp 


tween 545 and 655 mu. A sample with 90 to 100 °/o negatively reacting cells 
retained the response when irradiated with light between 545 and 620 mu. 
Around 630 to 655 mu complications often occurred in the measurements. 
This is probably due to the fact that the absorption bands of two pigments 
involved in phototactic response, and transferring into each other are over- 
lapping in this region (see below: Induced negative phototaxis). 

Induced negative phototaxis. Figure 4 gives the action spectrum for induced 
negative phototaxis from a population with 90 to 100 °/o positive response. 
A narrow band in the yellow region of the spectrum is effective in this trans- 
formation. The action spectrum has a maximum around 590 to 600 mu. It 
was not possible to induce response changes between 405 and 555 mu or above 
655 mu. Also for this transformation complications in the measurements 
occurred between 630 and 655 mu, possibly due to two pigments transferring 
into each other with absorption band overlapping in this region as stated 
above. 

Alternations between positive and negative response. Figure 5 gives the 
results of an experiment where repeated reversals between negative and posi- 
tive phototaxis were effected by irradiating the same sample alternatingly 
with blue (427 mu), yellow (590 mp) and red (685 mu) lights for a few min- 
utes. The experiment was started with a 90 to 100 °/o negatively reacting 
sample kept in the dark for one hour. The exposure with 21,000 ergs/cm?sec 
blue light for 3 minutes changed the response to positive, and additional 
exposure of 3 minutes made the response 90 to 100 °/o positive. Four minutes 
exposure with yellow light changed the reaction to 90 to 100 0/o negative, and 
an exposure for 6 minutes with red light reversed the response again to 90 
to 100 °/o positive, and so forth. After some time the cells evidently got 
fatigued and after 40 minutes 9 minutes were needed to change the response 
with blue light, and 8 minutes with yellow. The sample was finally left in the 
apparatus for 14 hours and during this iime irradiated continuously with 
red light at 21,000 ergs/cm?sec. The sample showed a clear positive response, 
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Figure 5. Alternations in phototactic response in a Platymonas-population alternatively 
illuminated with violet (427 mu), yellow (590 mu) and red light (685 mu). Energy content 
21,000 ergs/cm?sec at each wavelength. 


but possibly due to adaptation phenomena the response was not 90 to 100 °/0. 
In another experiment the sample was irradiated with the yellow light and 
negative phototaxis retained also for 14 hours. 


Discussion 


The factors affecting the mode of response in Platymonas have been ana- 
lysed by Halidal (1959). It is there concluded that the light intensity in long 
time experiments may affect phototaxis secondarily by inducing certain 
modes of response, positive phototaxis at low light intensity and negative at 
high. The requirement for this was a medium properly balanced for the ions 
Ca?*, Mg?*, and K*, at an ample pH. This investigation therefore aimed 
at analysing the effect of different wavelengths, of light in short time experi- 
ments when the cells were carefully balanced at a random motion stage, or 
at a stage close to this situation. 


As to the effect of different wavelengths of light some observations with 
Volvox are of interest. Mast (1919) induced changes in the mode of responses 
at different wavelengths of light and concluded that the effect was restricted 
to the blue region of the spectrum which. coincided with the action spectrum 
of phototaxis. On the other hand Terry (1906) was able to induce galvano- 
tactic response changes with red light, and as Mast (1927) showed that a 


correlation exists between responses in galvanotaxis and phototaxis, one 
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would expect the same result in Mast’s and Terry’s experiments. Differences 
in experimental procedure or in the conditions of the algae may be reasons 
for this disagreement, and a combination of the results of Mast and Terry 
show similarities to the results presented in this paper. It is evident that the 
mode of response in phototaxis is based upon a very complicated reaction 
system which is affected by internal and environmental factors (see Haupt 
1959 p. 341 to 347). It is therefore of importance when isolated factors are to 
be analysed to keep the other environmental factors as constant as possible. 
This has in many cases been poorly done in earlier experiments, and is cer- 
tainly one of the reasons for the many divergent observations. Another im- 
portant reason for this is the often considerable difference in phototactic 
behaviour within the different species. 

Platymonas has an action spectrum of phototaxis in the visible region with 
a maximum around 490 to 500 mu. It has a rather low response at 400 mu, 
and no response above 560 mu (Halldal 1958). The action spectra of induced 
phototactic response is very different from this in particular above 550 mu. 
The action spectra of induced positive response, Figure 3, shows great similar- 
ities to the absorption spectrum of living cells in the blue and red part of 
spectrum (Halldal 1958). This may mean that phototactic response changes 
in this region of the spectrum are induced through the photosynthesis of the 
algae. Some important differences exist which show that it is impossible that 
photosynthesis can be the only reaction involved. The effect of the 500 mu 
light in the transformation from negative to positive reaction makes the 
action spectrum for this reaction in this region too high to fit the absorption 
curve of the algae at this wavelength, and in the yellow region the trans- 
formation effect is reversed. Through these curve analyses the following con- 
clusion may tentatively be drawn: Two light processes are involved in the 
transformation from negative to positive phototaxis. One of these is asso- 
ciated with photosynthesis (deduced from the effect of violet and red light). 
As the effect around 500 mu is too high, the pigment involved directly in 
phototactic orientation (deduced from action spectra analysis, Halldal 1958) 
is probably also effective in this transformation. The negative to positive 
transformation is antagonized by a reaction involving a pigment absorbing 
maximally around-590 mu. This investigation indicates that a reversible 
photoreaction, possibly one containing a pigment with similarities to the one 
involved in photoperiodism, is directly involved in the photic response in 
Platymonas. 

There is good evidence that two different reaction types exist in the photic 
orientation of flagellates. A topotactic reaction which orients the cells accord- 
ing to the light source, and phobotactic response which is determined by the 
morphology of the organisms and which by a series of shock reactions may 
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accumulate or repel the cells for sudden changes in light intensities or light 
intensity gradients. Bünning and Tazawa (1957) and Bünning and Schneider- 
höhn (1956) were able to distinguish between a clear topic and phobic response 
in Euglena, both reaction types with action spectra which were restricted to 
the violet to blue region of the spectrum (Bünning and Schneiderhöhn 1956, 
and Gôssel 1957). Also for the diatoms and the blue-green algae a clear 
distinction has been made between topic and phobic response, and for these 
algae differences in action spectra for the two reaction types have been re- 
corded. These spectral sensitivity analyses have revealed that an indeed com- 
plicated pigment pattern is involved in these reactions, and great differences 
exist from one species to another (Drews 1959, Heidingsfeld 1943, and Nultsch 
.956). The spectral sensitivity analyses of the different photic reaction types 
in the blue-green algae and the diatoms show some similarities to action 
spectra of phototaxis and the action spectra of light induced phototatic 
changes in Platymonas. This similarity and the experimental procedure 
during the induced phototactic response experiment may suggest that action 
spectra of phototactic response changes actually represent the action spectra 
of phobo-phototaxis in this species. Bünning and Schneiderhöhn (1956) and 
Gössel (1957) assume that the negative response in Euglena represents the 
phobic reaction type for this species (see Haupt 1959 p. 333). This may, how- 
ever, only partly be true. Halldal (1958) emphasizes the complications that 
may arise in phobotactic analysis when the effect of topic response,. which 
seems to be dominating, is not eliminated. This has not been done in the 
action spectra analyses of Bünning and Schneiderhöhn (1956) and Gössel 
(1957). 

As in these days more information is gathered about the phototactic beha- 
viour of different algae, it is becoming more evident that the phobic and topic 
response are two different reactions, possibly associated with different meta- 
bolic pathways. It is therefore important to separate clearly these reactions 
in the experiments. An ample method in phobo-phototactic experiments seems 
to be one based upon the principle of Thomas and Goedheer (1953) in their 
action spectra analyses of purple bacteria where quick changes in light quali- 
ties are applied, and the “shock reaction” studied. 


Summary 


Action spectra analyses of induced phototactic response changes in the 
green flagellate Platymonas (Volvocales) were performed on cells which were 
carefully balanced close to a stage were the population diveded into about 
50 °/o negatively and 50 % positively reacting cells. This stage was obtained 
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with a proper Ca**, Mg?*, K* ratio. Induced response changes from negative 
to positive phototaxis were obtained in violet to green light (400 to 540 mu), 
and also in red light (660 and 685 mu). The negative to positive transforma- 
tion could not be obtained between 555 and 655 mu. A transformation from 
positive to negative phototaxis was obtained between 580 and 630 mu, and 
could not be achieved at other wavelengths. Alternations in response in violet 
(427) and red light (685 mu) which induced positive phototaxis, and yellow 
light (590 mu) which induced negative phototaxis showed that the induction 
time was about 5 minutes at 21,000 ergs/cm?sec. 


This investigation has been supported by a grant from the University of Lund. 
I am indebted to Miss Kerstin Sjöberg for assistance during the investigation. 
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Introduction 


Ethylene is well recognized as a physiologically active gas having a pro- 
found influence upon plants (1, 6, 8, 14, 36, 43, 46). Outstanding among its 
properties are those of inducing and accelerating abscission, fruit ripening 
and coloring (1, 6, 8, 12, 46). Following the discovery that ethylene was a 
natural product of senescing plant tissues, including fruits, leaves, and micro- 
organisms (6, 8, 14, 50), the possibility existed that the gas plays an important 
role in natural functions (8, 12, 46). On the other hand, it has been proposed 
that native ethylene is a result of the aging processes and has no active 


role as a causal agent, particulärly in abscission, fruit ripening and sen- 
escence (1, 6). 


If ethylene is merely a by-product of the aging process it is surprising that 
it has so profound an influence on initiating and rapidly stimulating abscis- 
sion in young healthy tissues (8, 12, 15) or in inducing ripening changes in 
certain preclimacteric fruits (22, 29, 39, 46). Naturally abscissing leayes or 
leaves treated with abscission-accelerating agents undergo changes in the 
metabolic pattern not unlike those occurring in the climacteric and ripening 
processes of fruits. Accelerated respiration and hydrolytic processes, increased 
ethylene production, chlorosis, and lysis of cell walls are the important 
changes common to both processes. Current reviews which characterize these 
changes in detail are available (14, 15, 46). 
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Abscission, like many other biological processes, is basically controlled by 
respiration and specific enzymatic reactions. Little is known concerning the 
mode of action by which enzymes interact in the control of abscission, parti-. 
cularly in cotton defoliation and boll shedding. A voluminous literature exists, 
however, describing the enzymes involved in the post harvest physiology of 
fruits (6, 22, 29, 36, 39, 43, 45, 46, 48). 


Cotton responds 10 extremely low levels of ethylene (16). Since ethylene is 
the most potent abscission agent known, it becomes of interest to survey some 
of the enzymes active in the cotton leaf blade and pulvinoid structure con- 
taining the abscission zone and to determine the effects of ethylene upon their 
activities. Knowledge of the enzymes involved and their rates would aid’ 
greatly in interpreting the abscission effect. It was also deemed desirable to 
develop this basic information as a background for current studies being 
undertaken on the metabolism of ethylene-C!? in cotton and other species (16) 
and in investigating the biological origin of ethylene using C!* labeled 
substrates. 


Materials and Methods 


In all experiments reported, young, preflowering cotton plants, at the 6 to 10 true- 
leaf stage, grown in the greenhouse in pots of fertilized soil, were used. 

Ethylene at 100 and 1000 ppm was used in all treatments. The plants were enclosed 
in bell jars or larger plexiglass chambers and remained, after introduction of the gas, 
for 15 hours when incipient abscission of some of the leaves was apparent. Control 
plants without exogenous ethylene treatment were also enclosed in comparable cham- 
bers for the same length of time. 

After the treatment period, the leaves were harvested, blades and petioles sep- 
arated, and either immediately used for ‘the enzymatic determinations or frozen 
quickly and stored in a deep freeze until used. Young leaves. about three-fourths 
developed and located near the top of the plant were used since they usually sustain 
the mo3t active metabolism. 

In all determinations involving gas exchange, a Warburg-type microrespirometer 
having refrigerating and heating units was used. The shaking mechanism was ad- 
justed at a rate of 112 cycles per minute. Fifteen ml. single and double side-arm 
flasks with center wells were used. 

Leaf blade disks and pulvini sections from control and treated leaves were pre- 
pared and the respiratory rates measured manometrically at 25°C by the method 
previously described (13). Each flask contained either ten disks or five pulvini about 
one cm. long cut at random from five leaves from the same treatment. Readings were 
taken at 15 minute intervals for a total of eight hours, but only data for the first 
two hours are given. 

All determinations were replicated and several experiments were conducted on dif- 
ferent dates with different lots of tissue to confirm the reproducibility of the methods 
used and the treatment differences obtained. The results of typical experiments were 
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analyzed statistically. The T/C values reported represent the specific activities of the 
extracts from treated plants divided by the values of the control plants and expressed 
as percentage. 

Oxidative phosphorylation was followed by the manometric method described by 
Biale et al. (7). Instead of the mitochondria preparations, 150 8. of tissue were homo- 
genized with 300 ml. of 0.5 M sucrose containing 0.01 M phosphate buffer, pH 7.0, 
filtered and centrifuged for five minutes at 500 times gravity. Aliquots from this 
supernatant were used to measure the phosphorylative activity of the tissue, with 
sodium succinate as the substrate. The inorganic phosphorus was determined by the 
method of Bernhart and Wreath (5). 

The determination of -SH groups was done according to the gasometric method of 
Ishii (21), at 30°C. Cysteine-HCl was used as the standard in the concentration range 
from 1X1073 to 6.3X 10°5 M and manometer readings were taken one hour after the 
reaction was started. The treated and control materials were extracted in the Waring 
blender with 50 ml. of 3.75 °/o HPO,, filtered and the filtrate used immediately for 
the assay. The units in which the specific -SH conten of the tissue are expressed cor- 
respond to the umols of -SH groups per mg. of crude protein determined according 
to the method of Wildman and Bonner (49). 

The a and ß amylase activity of extracts prepared by homogenizing leaf blades and 
pulvini with 1/15 N phosphate buffer in the proportion of one gram to five ml. of 
extract, was assayed colorimetrically as described by Bernfeld (4). The activity units 
selected are expressed in mg. of maltose liberated in three minutes at 20°C. by one 
ml. of enzyme solution. The specific activity is expressed as the units of amylase 
activity per mg. of crude protein (49). 

Polygalacturonase, cellulase, and xylanase activity were determined by the iodi- 
metric procedures described by Kertesz (25), Stevens (44), and Pigman (33), 
respectively. 

Acid phosphatase was assayed using an adaptation of the serum acid phosphatase 
colormetric determination (41). The unit of phosphatase activity chosen corresponds 
to the micromoles of p-nitrophenol liberated by one ml. of enzyme at 36°C. during 
30 minutes. The specific activity was calculated as usual. The extracts in which phos- 
phatase activity was tested were obtained by grinding two g. of plant material in 
the Waring blender with 20 ml. of “Tris” buffer, pH 5.3, and filtering the extract 
through coarse filter paper in the cold. This filtrate was used as the enzyme source. 
Aliquots were analyzed for crude protein content (49). 

Pectinesterase activity was assayed according to the method outlined by Kertesz 
(25) in which the increase of free carboxyl groups is followed titrimetrically while 
a constant pH in the reaction mixture is maintained. The fractions in which the 
enzymatic activity was determined were obtained by extracting one g. of material 
with 10 ml. of 10 °/o NaCl in the homogenizer. Two ml. of homogenate were used 
in each test. The specific activity units selected are the milliequivalents of ester 
hydrolyzed per minute per milligram of crude protein in the enzyme preparation. 

The assay for catalase was conducted following the manometric method described 
by Maehly and Chance (30) using H,0, as the substrate. The catalase activity is ex- 
pressed as the microliters of oxygen evolved at the different time intervals per milli- 
gram of crude protein. Blanks were conducted for the reagents and the enzyme pre- 
parations independently, and both values substrated from the readings. The extracts 
were obtained by homogenizing one g. of material with five ml. of phosphate buffer 
at pH 7.0 and diluting the homogenate with more buffer solution until it was possible 
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to obtain reading in the manometers at three minute intervals for a minimum period 
of 30 minutes. 

Peroxidase activity was determined by the chronometric-colorimetric method de- 
scribed by Maehly and Chance (31). The arbitrary units selected as a relative 
measurement of peroxidative activity correspond to the reciprocal of the time in 
seconds required to reach the pre-set value on the photocolorimeter. The test material 
for these experiments was the same homogenates used for the catalase determina- 
tions. A dilution factor of five had to be used for the leaf blade homogenates, while 
no dilution was needed for the pulvini. 

The polyphenol oxidase (catecholase) assay was conducted according to the colori- 
metric method of Smith and Stotz (42). In order to prepare the enzyme, two g. 
of tissue were immediately homogenized in a small Waring blender with 15 ml. of 
cold distilled water. Five ml. of phosphate buffer pH 7.0 were added to the homo- 
genate in order to maintain a pH near neutrality. This homogenate was assayed 
immediately for catecholase activity. Only material which had been treated with 
1000 ppm of ethylene and control material were used for the assays. 

The determination of IAA-oxidase activity was performed according to the method 
reported by Pilet (35). Homogenates prepared in the same way as for catalase assay 
were used. The colorimetric method of Gordon and Paleg (11) was followed for the 
evaluation of the unreacted IAA. 

Succinic dehydrogenase measurements were carried out by the Thunberg method 
as described by Umbreit et al. (47). Five g. of tissue were homogenized with 30 ml. 
of phosphate buffer at pH 7.0. The solid part was centrifuged down and the super- 
natant was adjusted to pH 6.5 and dialyzed for 20 hours against distilled water in 
order to remove any natural inhibitors which might react with the enzyme during 
the homogenization of the tissue (52). 


Experimental Results 


Respiration studies 


Ethylene (Table 1) increased significantly the respiration rate, as measured 
by carbon dioxide production or oxygen use, of both blades and pulvini above 


Table 1. Effect of ethylene on respiration of cotton leaf disks and pulvini. Measurements 
made 15 hours after treatment and at one hour intervals thereafter. 


EEE ee ET 


u1 CO,/hr. mg. 1 O,/hr. mg. RO Tic % 
Tissue GH, dry wt. dry wt. en for O, 
De hr | Aster: 
ist hr. | 2nd hr. | 1st hr. | 2nd hr. 
Treated - 
Blades ce 100 0.371 0.385 0.364 0.370 1.02 137 
1000 .447 .397 .380 .363 1.17 143 
Puülvinl 7" 100 .168 .195 .160 .175 1.05 135 
1000 .239 .190 .190 .164 1.26 161 
ntrol 
dies ee = .251 .247 .265 .253 0.95 — 
Pulvini .......-- == 0.128 0.100 0.118 0.106 | 1.08 — 
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their respective controls. The effect of ethylene level was non-significant 
except for carbon dioxide evolution during the first hour which was signi- 
ficantly different at the 5 °/o level. The difference between the respiratory 
rates of blades and pulvini was significant at the 1 °/o level. The pulvini from 
plants treated with 1000 ppm showed the highest percent increase in oxygen 
absorption during the first hour. 

The pattern for carbon dioxide evolution follows closely that of oxygen 
use and the RQ’s remained in all cases close to unity indicating that carbo- 
hydrates were the main respiratory substrates. 


Oxidative phosphorylation 


In the present experiments, supernatant from tissue homogenates from 
either control or treated leaves failed to show any uptake.of phosphate from 
the medium but a small oxygen uptake was observed. This indicates that even 
though phosphorylation seemed to have been destroyed, some residual oxi- 
dative activity remained. 


Free sulfhydryl groups 


Ethylene caused a moderate but consistent decline in the sulfhydryl con- 
tent of the treated tissue as compared to the controls (significant at the 5 °/o 
level) (Table 2). The reduction in free sulfhydryl content was inversely cor- 
related with ethylene concentration. 


Hydrolases 


Ethylene consistently increased the amylase activity of the treated mate- 
rials (Table 3). The differences between controls and ethylene treatments 


Table 2. Effect of ethylene on the -SH content of cotton leaf blades and pulvini. Manometric 
method based on evolution of No from Is-NaN;3. 


Apparent -SH content Specific -SH content 
A C,H T/C 
Material LES -SHi | Dal 
ppm |M-SHjml. | SH/mg.M-SH/mg. nme % 
homoge- | sesh wt.| dry/wi prose 
nate ; Po: protein 
Treated 
Blades ..n..%.: 100 2.40 2.16 27.21 0.42 67 
bs 1000 2.25 2.12 23.55 0.34 54 
Bulviniiieeee se sec 100 0.37 0.12 0.21 0.32 84 
1000 0.37 0.12 0.21 0.29 76 
Control 
Blades N — 3.60 3.21 37.65 0.63 == 
Bulvinie ae — 0.41 0.32 0.70 0.38 == 
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Table 3. Effect of ethylene on amylase activity of cotton leaf blades and pulvini. Colori- 
metric method based on the reduction of 3,5-dinitrosalicylic acid by 
the substratehydrolysis products. 
ce 


Material GH, Sr ee „uparnl IESE M2 T/C 
ppm Do telecxirnct activity units | activity units DE 

Treated 
Blades vay. -cceeee 100 0.080 0.410 0.130 288 
1000 0.435 0.435 0.140 246 
Bulvinieeness. ce 100 0.015 0.075 0.074 296 
1000 0.010 0.050 0.049 196 

Control 
Blades... == 0.035 0.175 0.057 = 
ÉUIVINI ae cia. oe = 0.005 0.025 0.025 = 


were significant at the 1 °/o level. The greatest increase was observed in the 
100 ppm-treated pulvini which almost tripled their activity. One thousand 
ppm resulted in further stimulation for blades but not for pulvinar tissue. 
Other carbohydrase activity (polygalacturonase, cellulase, xylanase and cello- 
biase) could not be detected by the methods used. 


Esterases 


Ethylene stimulated significantly (difference between 100 ppm treatment 
and controls significant at the 5 °/o level) phosphatase activity in both leaf 
tissues (Table 4). In the control, as in the treated materia’ there was a higher 
specific activity in the pulvini as compared to the blades. Ethylene at 100 ppm 
increased this activity more than at the 1000 ppm concentration. However, 
the higher ethylene concentration was still stimulatory to phosphatase when 
compared to the controls (T/C %/o was 120 and 149 for blades and pulvini, 
respectively). A stimulatory action of ethylene was measured on pectinesterase 


Table 4. Effect of ethylene on the acid phosphatase activity of cotton leaf blades and 
pulvini. Method based on the hydrolysis of p-nitrophenol. phosphate. 


: C,H, OD after Apparent Specific T/C 
Material ppm 30 minutes | activity units | activity units % 
Treated 
Blades een. 100 0.88 35 5.01 171 
1000 0.68 27 3.52 120 
Pulvini Pere 100 0.55 22 7.58 178 
1000 0.48 19 6.36 149 
Control 
Blades ..:..:.#. = 0.52 21 | 2.93 — 
Pulvini ............ =: 0.28 11 4.25 = 
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Table 5. Effect of ethylene on the pectinesterase activity of cotton leaf blades and pulvini. 
Titrimetric method based on the de-esterification of carboxyl groups. 


oo SS a 


C.H meq. of 0.02N Apparent Specific TIC 
Material pees NaOH used activity activity % 
PR in 15 min. Units X 10? units 0 
Treated 
Bladesp ersten. 100 0.066 0.44 0.673 138 
1000 0.070 0.47 0.728 150 
Pulvinie. #2. 100 0.048 0.32 0.975 174 
1000 0.046 0.30 0.883 155 
Control 
Blades? ...... ar — 0.049 0.32 0.486 — 
PUIVIR EEE — 0.032 0.21 0.571 — | 


in both tissues (Table 5). As in the case of phosphatase, the specific activity 
found in the pulvinoids was higher than in the blade tissue of both treated 
and control materials. The overall activity was nevertheless low compared 
with that reported in the literature for other tissues and therefore the pre- 
sence of inhibiting substances in the extracts was suspected. 


Oxidases and desmolases 


Ethylene treatment depressed catalase activity of both blades and pulvini 
about 20 %/ (Table 6). The effect of ethylene concentrations was small for 
the levels tested, but the higher concentration gave the greater inhibition. 
The activity found in the blades was considerably higher than that in the 


petioles and readings beyond six minutes could not be obtained with the 
dilutions used. 


Table 6. Effect of ethylene on the catalase activity of cotton leaf blades and pulvini. 
Manometric method. 


rr —enenenen—un— —  — — — — —— 


Material GES 
ppm 

Treated 

Blades ...| 100 
1000 

Pulvini ...| 100 
1000 

Control 

Blades ...| — 

Pulvini | — 
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Apparent activity 


Specific activity 


kl. O,/ml. homogenate ul. O,/mg. crude protein T/C 
time in minutes time in minutes for 

6 min 
3 | 6 | 12 | 24 3 | 6 | 12 | 24 % 

Ee ee ee ee 

1388.0 2471.0 = — 26.69 | 47.50 — — 82 
1246.0 2456.0 — = 22.60 | 45.02 — —- 78 
40.56 54.08 | 77.50 |121.50| 1.02] 1.35| 1.93 | 3.02 86 
37.20 53.10 | 74.30 |108.03| 0.92] 1.30 | 1.85 | 2.68 84 
1643.0 3031.0 —- — 31.50 | 58.02 == = 
43.16 63.08 | 86.30 | 139.50} 1.03] 1.57] 2.15 | 3.50 — 
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Table 7. Effect of ethylene on the peroxidase activity of cotton leaf blades and pulvini. 
Method based on the oxidation of guaiacol. 


RS ee 


Material CH, Time in Apparent Specific T/C | 
ppm seconds activity units | activity units A 
ne ne pen ee In 0. 
Treated 
Blades... 100 23 0.043 2.38 297 
1000 21 0.047 2.60 325 
PAUL VAM. rer... 100 40 0.025 1.41 247 
1000 36 0.027 1.38 242 
Control 
Blades... — 74 0.013 0.80 = 
Pulvinin........ — 103 0.009 0.57 = 


The levels of peroxidase activity found denote a significant stimulatory 
action of the ethylene treatments (Table 7). The difference between controls 
and ethylene treatment was significant at the 1 °/o level for both concentra- 
tions. As in the catalase determinations, more peroxidase activity was ob- 
served in the blade tissue. At both concentrations, ethylene more than tripled 
the peroxidase activity of the blades. The concentration effect was negligible 
for both kinds of tissue. 

Ethylene at the only concentration used, 1000 ppm, caused an apparent 
stimulation of polyphenol oxidase activity over the activity of the controls 
for blades and pulvini, respectively (Table 8). It is possible that at lower 
concentrations, the stimulation might have been even greater as has been true 
with other enzymes. 

Indoleacetic acid oxidase activity could not be demonstrated in the homo- 
genates. 


Succinic dehydrogenase 


A small increase in the activity of this enzyme was observed in the 
100 ppm-treated tissue, but inhibition with respect to the controls was ob- 


Table 8. Effect. of ethylene on the polyphenol oxidase (catecholase) of cotton leaf blades and 
pulvini. Colorimetric method based on the continuous oxidation of 
2,6-dichlorobenzenoneindophenol. 
oo 


à Absolute ac- 

s C,H - log - log Dil. 1 ‘vit it T/C 

Material ppm 1/30 min.| I/min. factor pol Hs > of, 
Treated 

Blades ...... 1000 0.6727 0.0224 10 12 5.3 136 

Pulvini...... 1000 0.2310 0.0077 10 12 1.8 120 
Control 

Blades ...... — 0.4882 0.0163 10 12 3.9 = 

Pulvini...... — 0.1955 0.0065 10 12 1.5 — 
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Table 9. Effect of ethylene on succinic dehydrogenase activity of cotton leaf blades and 
pulvini. Thunberg technique. 


————— ST 


Time in minutes Apparent Specific T/C 
Material er for 50 % reduction activity activity % 
re of the dye units units 2 
EEE ee er re. a Rn Ale nn en 
Treated 
Blades ............ 100 18 0.055 1.79 123 
1000 26 0.038 1.26 86 
Pulvini......… 100 32 0.031 3.08 120 
1000 62 0.016 1.09 42 
Control 
Blades ............ — 22 0.045 1.46 — 
Pulvini........... — 39 0.026 2.57 — | 


tained for the higher concentration, the trend being consistent for both foliar 
tissues (Table 9). The inhibition amounted to 58 °/o of the pulvinar dehydro- 
genase activity and in proportion was greater than the stimulation observed. 
This would indicate that the 100 ppm of ethylene level is already in the 
maximum range for dehydrogenase stimulation. 


Discussion 


The present work was undertaken mainly as a survey of the enzymes 
which are readily detectable in the abscission zone area, as compared to the 
leaf blade, and to investigate the effects of ethylene treatment upon the same. 
Special purification or isolation of any of the systems under study, in no 
instance was attempted. At the most, centrifugation was resorted to and the 
supernatant used in the experiments, though in some instances the whole 
tissue homogenates were employed. From such a complex source as the cot- 
ton leaf the extracts used as the enzymatic source undoubtedly contained all 
kinds of materials, including inhibitors. A subminimal level of co-factors 
demonstrated as necessary for many enzyme systems may also have been 
limiting factors in the present study. Some of the enzymes, whose presence 
could not be proved, may well have been inactivated by the severe conditions 
used during extraction. Therefore, whenever an enzyme could not be de- 
tected, no intention is implied that it was not present or even active in the 
intact materials. 

It has been demonstrated that potent inhibitors of the pectic enzymes are 
present in plant material (3, 38, 48). Based on this, the conclusion that the 
relatively low PE activity detected and the inability to demonstrate PG are 
probably due to natural inhibitors, especially in the pulvinoid structures, 
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seems justified. Also, it has been reported that marked changes in reducing 
power by these enzymes appear only in the presence of active prepara- 
tions (24). 

The other esterase studied, acid phosphatase, was active in both treated 
and control tissue and may have had a role in the apparent inactivation of 
the oxidative phosphorylation system. In order to inhibit phosphatase and 
especially ATP-ase, fluoride ions were added without effect. Fluoride could 
have been complexed by some of the compounds present as impurities. 

Of the other hydrolases studied, only amylase activity could be demon- 
strated. In accordance with the known effect of ethylene in accelerating other 
hydrolytic transformations (23, 46), other hydrolases must be active in vivo. 

The results of the respiration studies in general agree with the existing data 
on the effect of ethylene on plants organs, particularly fruits and leaves 
(15, 36). The general stimulation of respiration is in accordance with the 
stimulation of the respiratory enzyme studied, succinic dehydrogenase. Ener- 
getically, this higher respiration rate appears inefficient, since no phospho- 
rylation could be detected. Fidler (9) suggested that the effect of ethylene in 
respiration is due to the uncoupling of phosphorylation in the manner of 
dinitrophenol. This assumption, however appears unwarranted since ethylene 
or ethylene derivatives were found to have no effect on phosphate esterifica- 
tion by castor bean endosperm mitochondria or homogenates (16). 

The RQ’s found are those typical of respiration which is supported by 
carbohydrate substrates, as was demonstrated in previous experiments (13, 45). 

The results which are probably more important from the abscission stand- 
point are those involving oxidizing enzymes. The stimulation of peroxidase 
and depression of catalase agrees with the previously observed trend of these 
enzymes in aging tissue (2, 18, 23, 40). It also agrees with previous observa- 
tions on these enzymes in vivo (22, 29). It is interesting to note that amino- 
triazole, a growth regulator with abscission properties (15), has been shown 
to cause a great decrease in the catalase activity of plant tissues (17), while 
2,4-D which inhibits abscission has been shown to increase catalase activity 
(51). Dichlorophenol, which has been shown to accelerate defoliation (15), 
is also able to completely inhibit catalase in vitro (10). The increase of 
peroxidase by ethyJene may be connected path: auxin destruction by this en- 
zyme (34). It is likely that as catalase is inhibited the peroxidases are accel: 
erated as H2O2 accumulates. The overall effect would be increased auxin 
inactivation and accelerated abscission. | oa 

Ethylene, by consistently increasing polyphenol oxidase activity, can be 
ascribed a role in the aging phenomenon of leayes. A scheme which attributes 
senescence in plant tissues to the interaction of the polyphenolase-ascorbic 


. f ‘ 1s à ) 
acid systems of the cells has been proposed by Lieberman and Biale (28). In 
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the normal active cell the oxidation of polyphenols must be coupled to a 
reducing system such as ascorbic acid. Such a compound reduces immediately 
the quinones formed, since accumulation of these readily polymerized com- 
pounds results in inhibition of the oxidative phosphorylation in the mito- 
chondrial system, and eventually leads to senescence and death. However, in 
normal young cells, darkening does not occur even though the cells contain 
polyphenols and oxidases in abundance. If ethylene, by increasing cellular 
permeability (20) or by blocking the natural reductive mechanism, causes an 
abnormal activity of these oxidases so that quinones accumulate to the extent 
of becoming detrimental the entire cellular metabolism would be affected. 
The net result would be accelerated senescence. In this connection, the beha- 
vior of ascorbic acid and other natural reducing mechanisms under the in- 
fluence of ethylene deserves to be studied. 

All of the foregoing considerations tend to attach to these oxidizing enzymes 
a special role in senescence. Further studies will undoubtedly reveal the exact 
significance of ethylene to senescence, leaf abscission and fruit ripening, and 
how these factors affect the mechanism of auxin inactivation. 

The levels of sulfhydryl groups found in the present experiments generally 
agree with those reported previously (37). Possible implications of the reduc- 
tion in free sulfhydryl groups by ethylene should be discussed here. Many 
enzymes remain active only as long as their sulfhydryl groups are kept in a 
reduced state. Also, the ratio of oxidized to reduced sulfhydryls of certain 
compounds has a bearing on growth and aging processes (31, 35). In this 
connection, some growth regulators, namely TIBA, which sometimes elicit 
ethylene-like responses, have been shown to depress the sulfhydryl groups 
in vivo and in vitro by direct combination with these groups (26, 28). Be- 
sides, TIBA and other well known sulfhydryl-inactivating compounds inhibit 
polar auxin transport at concentrations which do not inhibit respiration (32). 
In the experiments reported here, ethylene reduced the sulfhydryl content 
of the tissues tested, whereas the respiration of the same was actually in- 
creased. To what specific compounds those -SH groups belong and how this 
reduction affects their biological activity in relation to respiration and abscis- 
sion remain unknown. In addition it should be noted that two of the oxidases 
found to increase in activity under the ethylene treatment, namely peroxidase 
and polyphenolase, belong to the metalloporphyrins, which are subject to 
heavy metal denaturation but usually not to sulfhydryl inactivation. Yet 
catalase, also a metalloporphyrin was found to decrease in the presence of 
ethylene. Hotta and Ota’s (19) finding that -SH groups in bean cotyledons de- 
creased as the tissue aged and that sulfhydryl-blocking agents caused distinct 
dissolution of intercellular substances in the abscission zone itself, closely 
corresponds with the present findings on the action of ethylene on -SH groups 
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and abscission. In this regard, it seems worthy to mention that the action of 
ethylene in evoking abscission in cotton is particularly rapid in the younger, 
terminal leaves which are also known to contain a larger proportion of free 
sulfhydryl groups. It is possible that ethylene reacts either directly with sulf- 
hydryl compounds or with sulfhydryl-active compounds, and by this means 
controls abscission. Finally, the possibility exists that a direct combination 
between ethylene and the sulfhydryl groups of compounds, such as gluta- 
thione or coenzyme A, actually blocks some oxidative-reduction mechanism. 
Such a block preventing the reduction of toxic quinones and other products 
of oxidative metabolism, would induce senescence in accordance with the 
theory of Lieberman and Biale (28). Whatever the case may be, an investiga- 
tion of the -SH-containing compounds, especially the cysteine-cystine, reduced 
and oxidized glutathione (GSH, GS-SG) and coenzyme A systems, in relation 
to ethylene, should be of value in better understanding senescence and abscis- 
sion phenomena. 

Based on the available evidence the following tentative hypothesis of the 
role of ethylene in plant metabolism is suggested: 

Ethylene, acting as a surface activator, or catalyst, or by increasing cellular 
permeability, stimulates hydrolytic and oxidative catabolism including res- 
piration. At the same time it blocks energy storing reactions, probably at the 
electron-oxygen-transfer level, thus causing an accelerated exhaustion of cel- 
lular energetic materials. Simultaneously it inhibits catalase and stimulates 
certain oxidases, specifically polyphenolase and peroxidase, which through 
increased oxygen consumption result in accumulation of toxic quinone-type 
compounds, since the detoxifying reductive mechanism involving free -SH 
groups and perhaps ascorbic acid is also deranged. The increased activity of 
peroxidase may also be involved in auxin inactivation. As a consequence of 
these catabolic transformations, other hydrolases including cellulolytic and 
pectolytic enzymes become active and effect abscission. 


Summary 


1. A survey of several enzymes active in the cotton leaf blade and pulvini 
was conducted. The influence of two levels of ethylene on these enzymes 
was studied along with the respiration, oxidative phosphorylation, and 
-SH group content of the tissue. 

2. Ethylene stimulated respiration and depressed the freessulfhydryl content 
of both kinds of tissue. It increased the activity of amylases, acid phos- 
phatase, pectinesterase, peroxidase, and catecholase but depressed catalase. 
The effect on succinic dehydrogenase was somewhat uncertain since the 
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3. 


4, 


detected activity for this enzyme was rather low and there was an inhibi- 
tory effect at the higher concentration of ethylene while at the lower a 
stimulation was noticed. 

Polygalacturonase, cellulase, xylanase, IAA-oxidase, cellobiase and oxida- 
tive phosphorylation activities could not be demonstrated, possibly be- 
cause of inactivation of these enzymes in the process of extraction. 

‘Some of the possible implications of the ethylene-modified activity of 
these enzymes as related to the physiological phenomena of abscission and 
senescence, in so far as warranted by the present experiments and results, 
are discussed. 
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Studies in the Physiology of the Lichen Collema 


III. The Occurence of an Inhibitory Action of the Phycobiont on 
the Growth of the Mycobiont 


By 


ELISABET HENRIKSSON 


Institute of Physiological Botany, University of Uppsala 
(Received June 30, 1960) 


In a previous publication on the symbiotic conditions of the lichen Col- 
lema (Henriksson 1958), I reported that the mycobiont has a lethal effect on 
living cells of the phycobiont, when both lichen partners were inoculated 
side by side on different agar substrata and at clay soil. Under these condi- 
tions, however, it was impossible to get any balance between the two lichen 
partners, for the mycobiont, Collema tenax (Sw.) Ach., em. Degel., always 
prevailed over the phycobiont, Nostoc sp. 

In this paper I wish to report that under conditions other than those earlier 
related, the balance can be changed to the advantage of the phycobiont, and 
that the latter can have an inhibiting effect on the growth of the mycobiont. 
Comparative experiments with non-symbiotic blue-green algae, isolated from 
soil, will also be described. It should also be noted that in the present inves- 
tigation the cultures used are the same as in my publication of 1958. 

According to Hedwig Jacob (1954, 1957), Nostoc muscorum has a similar 
inhibiting action on the growth of Staphylococcus aureus, Saccharomyces 
cerevisiae and different species of algae. She also reports on antagonistic 
effect between different species of blue-green algae. 


Culture Conditions and Methods 


The algae were inoculated in 300 ml. flasks with 100 ml. inorganic nutrient solu- 
tion without combined nitrogen. The composition of the nutrient, the method of in- 
oculation and the incubation conditions were the same as previously described (Hen. 

Physiol. Plant., 13, 196( 


[751] 


752 ELISABET HENRIKSSON 


riksson 1957, 1958). In addition, the same experiments were repeated using the shake 
culture technique, while in other experiments NaNO, was added to the medium in a 
concentration of 0.5 g. per liter. 

After 6 weeks the cultures were filtered (filter paper, Munktell 00) and the follow- 
ing additions were made to the filtrate: malt-extract (Vitrum) 10 g., glucose 10 g., 
hydrolyzed casein (N-Z-case, Sheffield) 2 g., ZnSO, : 7H20 4.05 mg., MnSO, : 4H20 
4.43 mg., and a new dose of ferric citrate-citric acid. The resulting culture solution 
was used (a) directly as medium for the fungus and (b) diluted with the basal 
medium (Henriksson 1958, p. 392). Mycelium from c:a 6 weeks old cultures was 
transferred by means of a platinum loop to 100 ml. flasks, each containing 20 ml. 
nutrient solution. After an incubation period of 6 weeks at 20°C, the dry-weights of 
the mycelium in the different series were determined as follows: The solution con- 
taining the fungus was filtered (Pyrex filter 111 or Jena 1G1), the mycelium remain- 
ing behind being then washed by passing through the filter 10 ml. distilled water. 
The mycelium was then subjected to further washing by placing the glass filter fun- 
nel in a bath of cold distilled water to a depth just sufficient cover the mycelium. 
After washing for several hours, the fungus filtrates were dried at 102°C. 


Results and Discussion 


Contrary to results previously obtained on different agar substrata, the 
mycobiont shows no observable lethal action on the phycobiont, when the 
two organisms are grown together in inorganic liquid medium. The phyco- 
biont prevails completely. This occurs also in old cultures, where the nutrient 
conditions should be favourable for the mycobiont, because of the excretion 
of organic substances by living algal cells and because of the decomposition 
of dead algal cells. 

Table 1 shows that the medium in which the phycobiont has been growing, 
has an inhibiting effect on the growth of the mycobiont. This inhibition is 
not due to any deficiency in the nutrient, but probably to substances given 
off by the alga during its growth. In this experiment the inhibiting effect was 
considerably less at a relatively Slight dilution of the active substances. 

Similar experiments have been performed with filtered media on which 
the alga was grown for a period of less than & weeks. In other experiments, 


Table 1. Inhibitory action of the phycobiont on the growth of the fungus. 


Algal 
filtrate in % 


Growth of 
fungus in mg 


100.0 6.0 + 0.5 3 
87.5 24.2 + 2.4 (5 
25.0 44.2 + 5.1 (3) 

0 45.5 + 6.6 (5) 
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Table 2. Inhibitory action of non-symbiotic Cyanophyceae on the growth of the fungus. 
———— eee 


Algal filtrate Growth of fungus in mg 
2% A B | C 
100.0 5.4 + 0.8 (4) 4.3 + 0.4 (4) | 12.5 + 1.1 (5) 
87.5 12.8 + 1.0 (4) | 15.7 + 0.8 A 18.5 + 0.7 (4) 
75.0 17.7425 (4) | 25.6 +1.5 (4 22.6 + 1.9 (3) 
25.0 33.5 + 3.7 (3) | 24.4 + 0.5 (3) == 
0 35.8 + 2.4 (4) | 22.4 + 1.0 (3) | 30.7 + 1.2 (3) 


A=Filtrate from Cylindrospermum maius Kütz. 
B=Filtrate from Nostoc cfr. passerianum Born et Thur. 
C=Filtrate from Nostoc cfr. calcicola Bréb. in Menegh. 


the alga was grown on a medium containing nitrate or as shaken cultures. 
Since the results of these experiments varied widely they are not taken into 
account here. In cases where no inhibition could be detected, this is probably 
due to the fact that the concentration of the inhibiting facta or factors is too 
low rather than that such factors are completely absent (cfr. Henriksson 1957, 
Proctor 1957). 

It is evident, however, that this alga has an antibiotic effect upon the fun- 
gus with which it grows in symbiosis. In this connection, the reader is refer- 
red to Quispel (1951), where the whole complex question of antagonism in 
symbiosis is discussed. 

To determine whether non-symbiontic blue-green algae have an antibiotic 
effect similar to that produced by the phycobiont, Nostoc sp., the experiment 
summarized in Table 1 was repeated using non-symbiotic Cyanophyceae. The 
results shown in Table 2, indicate that these algae have a similar inhibiting 
effect on the growth of the fungus. Thus the antibiotic effect occurs also with 
other blue-green algae, and is not typical of the phycobiont alone. 

It has previously been shown (Henriksson 1958) that the mycobiont is 
able to grow on substances given off by the phycobiont during its growth. In 
studying this ability of the fungus to utilize the substances excreted by the 
alga, one must remember that the results may be influenced by inhibiting 
factors. As a result great care must be taken to prevent such antibiotic factors 
from occuring in a toxic concentration. 

A balance between the two lichen partners can be maintained during a 
relatively long period on agar substratum. Both organisms are then inoculated 
together on the phycobiont medium lacking NaNO;. Together with the phyco- 
biont is also added some of its nutrient solution. Black formations consisting 
of a mixture of algal cells and mycelium may then develop. Anatomically, 
however, these cultures have little in common with the normal lichen. 
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Summary 


Experiments have shown that the filtered medium in which the phycobiont 
of the lichen Collema tenax has grown, contains substances which inhibit the 
growth of the mycobiont, and that the antibiotic action is not typical of the 
phycobiont but occurs also with non-symbiotic species of blue-green algae. 


The author is very grateful to Prof. Nils Fries for his support and to Mrs Monica 
Jacobson, who performed the technical part of this investigation. This work was 
aided by a grant from the Swedish Natural Science Research Council. 
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Many authors undertaking metabolic studies on photoperiodism begin their 
researches by considering the respiratory changes taking place with flower 
induction in the leaves. Respiration being a basic metabolic activity is taken 
as an indication of the nature and timing of the physiological reaction of the 
leaf to the photoperiodic stimulus. Bode (1942) found that both respiration 
and photosynthesis increased in the leaves of Kalanchoe after flower induc- 
tion had taken place. More recently Elliot and Leopold (1952) found with 
long day plants that the respiration in units oxygen absorbed per dry weight 
decreased on flowering. 

In this paper an attempt is made to study the respiratory activity and the 
relative use made of glucose, not in the developed leaf as with the above 
authors but in the young developing tissues of the apical bud. 


Methods 


Young buds of the same linear dimensions and dry weight were cut from Salvia 
plants which had been raised in long and short days in the Phytotron (for descrip- 
tion see Bouillenne and Bouillene-Walrand 1950). From previous photoperiodic 
experiments with this plant (Salvia splendens var. Feu de la Saint Jean) it was known 
that the plants were induced to flower on gaining their third node in long days and 
that flowering would subsequently take place after the appearance of the sixth vege- 
tative node (Crawford in print). This was determined by transferring plants from 
long to short days at different moments in their development after the method of 
Sironval (1957). Transfers made from long to short days before the plants had 
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attained their third node resulted in the formation of only a very limited number of 
flowering buds which failed to function normally but aborted before or shortly after 
the opening of the first flowers. In all the growth chambers used the temperature 
was kept constant at 20°C and the relative humidity maintained at 80 per cent. 
Lighting was by means of Phytor fluorescent tubes (Bouillenne and Fouarge 1953) 
providing an intensity of 4,500 lux at a distance of 30 cm. from a battery of four 
tubes. Throughout the growth of the plants the lamps were kept at a distance of 
30 cm. from the uppermost leaves. The flower inducing day length was 16 hours 
in length. 

By taking buds from plants in long days after the appearance of the first, third 
and fifth nodes, material was obtained where flower induction had only just begun, 
where flower induction had been accomplished and just before the appearance of the 
flower primordia, respectively. By taking first, third, and fifth node buds from plants 
grown in short days control experiments were possible on the effect of ageing in the 
non-flower inducing conditions. 

Oxygen and carbon dioxide measurements were made by the usual two flask 
method of Warburg and the results analysed statistically by the method of two group 
comparisons (Snedecor 1956). 

In the experiments with a substrate, uniformly labelled glucose of high radio- 
activity was used (90 million cpm/ml.). Glucose was added from the side arm to give 
a final concentration of 0.1 and 1.0 per cent. The activity of the glucose solutions 
was kept proportional to its concentration. At the end of the experiment (4 hours) 
a measurement of the activity in the alkali solution in the centre well gave a measure 
of the decarboxylation of the substrate that had taken place. A hot water extract 
of the buds was then made and the total activity in the fraction was measured by 
combusting aliquots with potassium chlorate and measuring the radioactivity of the 
resultant carbon dioxide in the gas phase (for details see Simone et al. 1959). The 
activity in the starch content of the leaves was measured by hydrolysing the water 
extracted buds for 1 hour with hydrochloric acid (1N) at 100°C and then extracting 
with hot water. Two dimensional chromatograms were made of both these extracts 
using the same solvents as Bassham and Calvin (1957). 


Results 


A comparison of the respiratory activities of the buds from the first, third 
and fifth nodes in long and short days is shown in Table 1. On comparing 
buds from the same node in 8 and 16 hour days a significant difference is 
seen only in the case of the first node buds. This is valid both for the oxygen 
absorbed and the carbon dioxide evolved. On comparing the respiratory 
activities between buds from different nodes but in the same photoperiod a 
diminution is seen in the oxygen absorbed in 16 hour days as the plants 
mature. At the same time the carbon dioxide evolved remains constant which 


results in a rise in the respiratory quotient with the ageing of the buds. This 
is true also for the respiratory quotient in 8 hours, 
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Table 1. Summary of averages of 10 measurements of the respiratory activities of first, 
third and fifth node buds grown in 8 and 16 hour days. 


0, 


Respiratory activity in 8 and 16 hour days 
Node 1 
examined 00, Qco, RO: 
8 hrs. | 16 hrs. 8 hrs. | 16 hrs. 8 hrs. | 16 hrs. 
Ist 603 | 162* | 448 | 601* 0.72 | 0.79 
3rd 687 He 560 661 0.82 092% 
5th 635 | 639 560 | 615 0.88 | 0.96 


*—Differs significantly from corresponding node in 8 hour days. 
**—Differs significantly from fifth node buds in same day length. 


As a difference in the respiratory activities between different photoperiods 
was seen only in the first node buds the isotopic studies with uniformly 
labelled glucose were confined to these tissues. When uniformly labelled glu- 
cose of two different concentrations was fed to the buds the increase in the 
radioactivity of the products of the metabolised substrate on passing from the 
low to the high concentration was always greater in the case of the short day 
buds. This is seen in the carbon dioxide evolved, in the total activity of the 
hot water extract and in the starch content measured in the 1N hydrochloric 


acid hydrolysate (see Table 2). 


Table 2. Total radioactivity in glucose decarboxylated, in hot water extract, and hydrolysate 
from buds grown in 8 and 16 hour days after respiring 1.0 and 0.1 per cent glucose uni- 
formly labelled with C#. Radioactivity recorded in cpm/100 mgms fresh weight of buds. 
Values in italics denote activity ratio 1.0/0.1 0/0. 
mm 


Carbon dioxidé Hot water Hydrolysate 


Treatment decarboxylated extract extract 


VE EEE nn 


16 Hour days 


LIGA, TTC OSE een we 116,420 386,000 212,000 
1.00 8 2.2 2.2 27 
0.1 % glucose ............................…. 52,280 177,000 95,000 

Increase in activity with increasing 4 
glucose TONCENTTAHODER seca: occas: 3 64,140 209,000 117,000 
8 Hour days 
DICO SG semence cochemoee 185,190 561,000 274,000 
1.0 % glue 4.6 55 3.9 
40,680 103,000 71,000 


0.1 % glucose .…............................ 


Increase in activity with increasing 
glucose CONCERTATION. -rneeees 144,510 458,000 203,009 
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Table 3. Percentage distribution of radioactivity in chromatogram spots from the hot water 
extracts of long and short days buds respiring 1.0 and 0.1 0/9 C14 uniformly labelled glucose. 


1.0 % glucose 0.1 % glucose 
Spot Substance 
No. Long days | Short days | Long days | Short days 
1 | Sugar phosphates............... 16.8 19.4 12.3 21.8 
2 SUCLOSE een 25.0 28.1 16.7 14.3 
3 | Glycine and Serine ............ 12.8 8.9 12.5 
AW Glutamicyacid <2. 2... 0... 10.0 10.3 10.0 12.8 
Bes eAspartic acid 7... 3.4 3.1 3.7 6.9 
6 Mali acides. ne 4.6 4.2 6.4 9.2 
Te Citriezacid vere ssnecenresneareee es 6.8 6.8 . 6.3 8.3 
8 WAM OS, CA N oe 2.4 1.4 2.0 — 
9 Glutamine reger ee ence 4.6 4.6 5.6 1.9 
10 REN nen eiaafanis cabs alate soraes 1.2 1.4 1.0 — 
11 Alaninern een 2.0 1.6 2.4 2.7 
12 | Fumaric acid ear 0.4 0.4 0.5 — 
13 wale succinic acid Mae. en 1.9 2.3 2.6 2.8 
14 ee cor 0.3 0.4 0.1 — 
15 ST ur un Es area ne ne LA 1-1 1.7 2.9 
16 LE ARS SE RE 2.4 1.2 _ — 
17a Lipids EEE IE 4.1 4.2 2.4 — 


* —Unidentified Substance. 
—=Undetectable Amount. 


Table 3 records the distribution of radioactivity in the chromatograms 
made of the hot water extract. It is seen that there is no appreciable differ- 
ence between the fixation pattern in short and long days. 


Discussion 


The principal points requiring discussion are (1) the augmentation in the 
respiratory activity, with the beginning of flower induction in long days, 
(2) the unequal increase in the radioactivity of the products of glucose assim- 
ilation following an equal increase in the amount of labelled glucose fed to 
the long and short day buds and (3) the constancy of the labelling pattern of 
the intermediate metabolites irrespective of the previous day length treatment. 

It is of interest to note that it is only when the plants first react to the dif- 
ferent day length treatments that a difference is seen in the Qos and Qcos 
values of the young buds. 

With the maturation of the plants the same overall tendencies occur, a 
fall in the Qo> and a rise in the Qcos and R.Q., irrespective of whether the 
plants are in the inductive or non-inductive day lengths. These changes over- 
ride the differences first brought about by day length changes with the result 
that by the time the fifth node buds are reached there is no significant dif- 


ference in any of the respiratory activities measured, Qos, Qcos and RQ. 
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When the radioactivities are examined of the products of metabolism, car- 
bon dioxide decarboxylated per 100 mg. tissue (fresh weight) and also in the 
total activities of the hot water and hydrolysate extracts it is seen that a ten 
fold increase in the substrate concentration produces a greater increase in the 
resultant activity of the extracts in short than in long days. This indicates 
most probably that the pool size of the endogenous substrates is smaller in 
short days than'in long. In order to prove this beyond doubt it would be neces- 
sary to carry out a kinetic experiment measuring the rate of labelling with 
different glucose concentrations as well as making direct measurements of 
the pool sizes. 

From Table 3 it was seen that the labelling pattern of the metabolites sep-: 
arated in the two dimensional chromatograms of the hot water extract is the 
same for both day lengths irrespective of whether the buds were fed with 0.1 
or 1.0 per cent glucose. The only region of the chromatogram where the label- 
ling is not the same is in the region of the sugar phosphates. As the separation 
of the phosphates is very poor unless they are hydrolysed and rechromato- 
graphed it is very doubtful if any meaning can be attached to differences 
such as those found in this case. 

It seems therefore that the use made of glucose as substrate is the same 
whether the plants are in an inductive or a non-inductive day length. Further 
the increase in the respiratory activity and pool size does not appear to pro- 
duce any change in the fate of the assimilation products of glucose. 


Conclusions 


It could therefore be concluded that the onset of flower induction in these 
young buds is accompanied by an activated respiration which then disappears 
with the maturation of the plant. The activated respiration although accom- 
panied by an increase in the poul size of the intermediate metabolites does 
not appear to change the path of the assimilation of glucose. 


Summary 


(1) An examination was made of the respiratory activities of excised buds 
of Salvia splendens at the time when they first began to react to the effect 
of day length and up to the node preceeding the last vegetative node formed 
before flowering. 

(2) In the first node buds the oxygen consumption and the carbon dioxide 
evolution were higher in 16 than in 8 hour days. 
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(3) Oxygen uptake fell from the first to the fifth node in long days by a 
significant amount. At the same time little change is seen in the correspond- 
ing activities in the short day buds. 

(4) The respiratory quotient rose by a significant amount for long day 
buds with the maturation of the plants. 

(5) Glucose feeding experiments carried out on the first node buds showed 
that the labelling pattern of the incorporated C!? was the same in long and 
short days. 

(6) On increasing the amount of glucose given to the buds by a factor of 10 
the corresponding rise in the radioactivity of the extracts made from the buds 
was greater in short than in long days. This was taken as evidence of a larger 
pool size of metabolites in long day buds. 

(7) Inspite of the increased respiratory activity of the buds exposed to an 
inductive day length no difference was found in the labelling pattern of the 
assimilatory products obtained after feeding with C** labelled glucose. 


I am indebted to Professor R. Bouillenne for laboratory facilities and for the use 
of the Phytotron of the University of Liege, to Dr. O. Kandler for facilities for the 
isotope experiments in the Bakteriologisches Institut, Weihenstephan, and to Dr. 
C. Sironval for advice. The research was supported by a scholarship from the Car- 
negie Trust for the Universities of Scotland. 
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Introduction 


The heterocyclic compound, 3-amino-1,2,4-triazole (3AT), an effective 
growth-inhibitor in plants (9, 12, 14), has been shown to inhibit plant phos- 
phorylase (4). This inhibition was ascribed to the formation of a chelate by 
3AT and the enzyme’s essential metal, manganese (3, 4). However, it was 
reported recently that the chelate formed by 3AT and manganese is relatively 
unstable and has a much lower log K (stability constant) than the phos- 
phorylase-protein chelate of manganese (5). It has since been found that 
3AT may react with the phosphorylase substrate, glucose-1-phosphate, giving 
rise to a glucose derivative of 3AT. This derivative, at first thought to be a 
hydrogen-bonded associative complex of 3AT and glucose (13), has been 
proved to be an amine glucoside (6, 7, 8); glucose-1-(3-amine-1,2,4-triazole), 
(GAT). 

Although chromatographic data indicate that this amine glucoside forms 
quite readily in 3AT-treated plants (11), it has not been isolated from plants 
and chemically identified. The fact that it is a stable compound and that 
it does not undergo the chemical reactions of 3AT such as diazotization (7) 
and chelation (7, 8) may have contributed to the failure to isolate this com- 
pound (1, 13). This paper reports the isolation of this compound from a 
system containing glucose-1-phosphate and 3AT and the identification of this 
isolate as the same compound synthesized by heating mixtures of 3AT and 
glucose (8, 13). 
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Materials and Methods 


Equimolar aqueous solutions of purified 3AT and glucose-1-phosphate (di-K), 
5X10 M, pH 6.8, were incubated at 29—30°C. for various time intervals. Aliquots 
from these mixtures were chromatographed on paper using the method of Aldrich and 
McLane (1) modified to detect both 3AT and the amine glucoside (7). Under these 
conditions, 3AT showed an R; of 0.53—0.54, and GAT an R; of 0.20—0.21 (7). 

Inorganic phosphorus was determined by the method of Fiske and SubbaRow (2) 
and 3AT was determined colorimetrically according to Sund (12). When phosphorus 
determinations indicated that a substantial release of phosphorus had occurred in 
the reaction mixtures and paper chromatograms indicated the presence of GAT, the 
solutions were concentrated over a steam bath and the GAT was isolated and puri- 
fied as previously described (8). The GAT was further purified until constant R; 
values were obtained by paper chromatography. 

For infra-red spectroscopy, the materials were made up in Nujol mulls and 
examined in a Perkin-Elmer Model 21 Infra-red Spectrophotometer fitted with 
NaCl prisms. Previous studies of the infra-red spectra had indicated that the region 
of the spectrum most useful for the identification of these materials was from 6.0 u 
to 10.5 u (6, 7). In order to insure that the GAT spectrum obtained was not due to 
a coprecipitation of 3AT and glucose (or glucose-1-phosphate) from the reaction 
mixtures, a 1:1 mixture of pure 3AT and glucose was mulled in Nujol just prior 
to analysis. 


Experimental Results 


Figure 1 shows the infra-red spectra of glucose-1-phosphate (A), the iso- 
lated compound (B), and the amine glucoside (C) obtained by heating 3AT 
with glucose as previously described (8). It is apparent that spectra (B) and 
(C) are identical in all respects and that the material isolated from the inter- 
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Figure 1. Infra-red spectra of the Cori 
ester (A), the compound isolated from 
reaction mixtures of the Cori ester and 
3-amino-1,2,4-triazole (B) and the amine 
glucoside (C) formed by heating glu- 
cose with 3AT. 
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Figure 2. Infra-red spectra of 3-amino- 
1,2,4-triazole (A), glucose (C), and a 
1:1 mixture of these two compounds 
mixed just prior to mulling in Nujol (B). 


action of 3AT with the Cori ester must be the same as GAT. Note, in general, 
the identity of the absorption maxima in both spectra. Absorption maxima of 
specific value for establishing this identity appear at 6.75 u and 6.85 u in 
both spectra. 

Figure 2 shows the spectra of 3AT (A), glucose (C), and a 1:1 mixture 
of both (B). Note that in this spectrum (B), all of the absorption maxima 
of glucose (C) and 3AT (A) are readily discernible. The appearance of the 
peak at 6.2—6.3 u in both the 3AT spectrum (A) and the mixture spectrum 
(B) and its absence in amine glucoside or GAT spectra, (Fig. 1 B and C), con- 
firms that the compound isolated from the reaction of 3AT and the Cori 
ester is not a mixture. 

Table 1 shows the agreement between the inorganic phosphorus detected 
and the 3AT decrease in reaction mixtures containing equimolar concentra- 
tions of 3AT and the Cori ester. Note that there is practically a mole for 


mole correlation. 


Discussion 


The glucose derivative of 3AT has been shown to be a definite compound 
(6, 7) and its formation from glucose and 3AT has been previously described 
(8, 12). It now appears that the formation of GAT can also take place with 
the release of phosphorus when the Cori ester is substituted for glucose 
(Table 1) and that the interaction of 3AT and glucose-1-phosphate occurs 


readily under physiological conditions: 


3AT-+ glucose-1-phosphate > GAT + BO tee 
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Table 1. Time course study of the decrease in 3AT concentration accompanying the in- 

crease in inorganic phosphorous in a solution containing 3AT and glucose-1-phosphate, 

pH 6.8. The formation of the amine glucoside of 3AT in this solution was demonstrated 
by paper chromatography and infra-red spectroscopy. 


Time Inorganic P 3AT 
(Minutes) | (M X 10-2) | (M X 107?) 
0 0.0 5.0 
10 1.6 3.2 
30 2.2 2.0 
60 2.5 1.8 
120 2.9 1:7 
240 3.3 1.4 


The infra-red spectra (Figures 1 and 2) show the identity of this GAT with 
the amine glucoside formed by reacting 3AT with glucose (8). Since the pH 
of the reaction mixtures containing 3AT and the Cori ester was 6.8 through- 
out the course of the experiments, it is unlikely that the hydrolysis of the 
glucose-1-phosphate as occurs under acid conditions (10) was a contributing 
factor. Further, 3AT is extremely stable under these conditions. 

The formation of GAT by the interaction of 3AT and the Cori ester sug- 
gests an explanation for the inhibition of algal phosphorylase by 3AT (4). 
The reactions possible in a mixture containing the glucose-1-phosphate, 
SAT, and phosphorylase are: 


(I) phosphorylase + glucose-1-phosphate = polyglucoside + PO, ? 
(II) 3AT + glucose-1-phosphate > GAT + PO, ? 
(III) phosphorylase + GAT = phosphorylase— GAT 


As a result of the reaction of 3AT with glucose-1-phosphate, GAT is 
formed and the amount of available glucose-1-phosphate is decreased. The 
GAT may then compete with the remaining substrate for the active sites on 
the enzyme. Hence, reaction (II) causes a slowdown of reaction (I) by remov- 
ing the available Cori ester, and further by forming an intermediate as shown 
in reaction (III) which is not conducive to polyglucoside synthesis by the 
phosphorylase. The kinetics for the inhibition of phosphorylase by 3AT 
therefore appear to be quite complex, and are worthy of further investigation. 

In the case of the phosphorylating enzyme, hexokinase, GAT is phosphory- 
ated by this enzyme but at a lower rate than glucose (8). Also, if 3AT is 
idded to reaction mixtures of this enzyme and glucose, there is no decrease 
n the rate of glucose phosphorylation by hexokinase (8). These results would 
ndicate that 3AT does not react as readily with glucose to form GAT as it 
loes with the phosphorylase substrate, glucose-1-phosphate. 
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Summary 


The glucose derivative of 3AT is formed in reaction mixtures by an inter- 
action between 3AT and the Cori ester. The identity of this material with 
that formed by heating mixtures of 3AT and glucose is proved by infrared 
spectra studies. The possible physiological significance of this reaction is 
discussed. 


This study has been supported in part by a research grant to the first author from 
the Dodge Institute of Boston, Boston, Mass., and by a research grant (C-4052) to 
the second author from the National Cancer Institute, Public Health Service. 

The assistance of Paul Terry of the Department of Chemistry, University of 
Massachusetts, Amherst, Mass., is gratefully acknowledged. 
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Introduction 


Since Thimann (1934) was the first to suppose that ß-indolylacetic acid 
(IAA) could be destroyed by other causes than light action — proving, for 
instance, inactivation of IAA in the presence of leaf extracts of Vicia faba — 
numerous publications have been devoted to in vitro degradation of IAA by 
enzymatic process (see Pilet 1960 c). Owing to Tang and Bonner’s papers 
(1947, 1948), a method of measurement by colorimetric analysis has been 
suggested (Pilet and Galston 1955) which gave rise to a series of particular 
technics and interesting results (see Larsen 1951, Gordon 1954, Ray 1958). 

With the use of IAA labeled with CH, new methods are proposed. First, 
by the presence of C!* in the side chain (carboxylic group) will allow the 
study of IAA decarboxylation «(Fang and Butts 1957, Shaw and Hawkins 
1958). Use of IAA labeled with C** in -CH:- of its chain (Stutz 1957) gives 
more convincing indications (Pilet and Lerch 1960). Then, the IAA labeled 
in its ring by C' (a-position), prepared for the first time by Pichat, Audinot, 
and Monnet (1954) gave rise to new methods of measurements of IAA-oxidase 
activity (Ray 1956, Ray and Thimann 1955, 1956, Pilet 1960b, Pilet and 
Lerch 1960). The use of IAA labeled with C!4 made it possible to complete 
the degradation schemes of IAA by enzymatic processes suggested by Tang 
and Bonner (1948), then by Wagenknecht and Burris (1950) and finally by 
Galston (1956). The results given here are pertaining to a series of assays on 
in vitro destruction of IAA, labeled with C! (ring, a-position) by extracts of 
auxin-oxidase nature prepared with root tips of Lens culinaris. 
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Material and Method 


IAA used.. The substance used for these assays is ß-indolylacetic C14 a acid, syn- 
thetised according to the technic of Pichat, Audinot, and Monnet (1954) by the 
“Centre d'Etudes nucléaires” of Saclay (S. & O.) France. Specific activity of this 
product is 6.9 mc/mM. 


Enzymatic extracts. In vitro IAA destruction experiments were performed by first 
converting the tissues (6 mm. tips) of the 18 mm. Lens roots to a brei. The tissues 
were removed from the medium by decanting, rinsed with a few ml. of the buffered 
solution (NaaHPO,—KH3PO,; pH 6.1) and transferred to a previously chilled mortar 
containing a little sand and cold buffer. They were then ground and the mixture sub- 
jected to centrifugation (3,500 g; 15 min.). The supernatants were decanted into 
10 ml. volumetric flasks and made up to volume with buffer (Pilet 1957). 


Incubation. 10 ml. of the solution (enzymatic extract) were then mixed with 10 ml. 
deionised water and 20 ml. of cold buffer. At zero time, 10 ml. of IAA (aqueous solu- 
tion containing 50 ug/ml. of labeled IAA) is added. The active mixtures were incubated 
in metabolic shaking incubator, thermostated at 28°C in complete darkness. All the 
operations were made in green light (Pilet 1958 a, 1960 a, 1960 b). 


1AA-destruction. Initial and residual IAA concentration at various times of the 
enzymatic incubation were determined by radiochromatographic analyses (Pilet 
1960 b; Pilet and Lerch 1960). 


Radiochromatographic procedure. After 0 to 150 min. of enzymatic incubation, 
4 ml. of the active solution were used and we added to it 1 ml. of tartaric acid 
(0.1 M) to bring the pH of the aqueous mixture to 4.5 (maximum recuperation by 
ether, Larsen 1955). Then we completed, at 10 ml., with ether free peroxide (Pilet 
1958 b). The aqueous ether mixture is kept 60 min. in a shaking incubator at +2°C 
in complete darkness. Next, the mixture is concentrated under reduced pressure 
(a stream of N, was blown through the flask connected with a vacuum pump, thus 
activating the evaporation of the extract without possible oxidation) and 5 ml. of the 
ether phase was transferred to the chromatographic paper. Control experiments 
were performed with a pure solution of IAA, in order to determine a coefficient of 
correction (we called it a) which allow us to calculate a possible loss of the active 
compounds. 


The ether fraction is applied on the starting line of the chromatographic paper 
(Whatmann No. 1) with a micro-syringe (Agla). After complete drying, the paper is 
equilibrated overnight over the solvent. All the experiments reported were made in a 
Pleuger-box. The chromatograms were run in the dark at 25°C in the isopropanol 
(80) + 28 %/o ammonia (10) + deionised water (10) solvent recommended by Stove 
and Thimann (1954). Descending chromatographic separation was performed (Pilet 
1958 a and b). 

After complete drying (in a chromatographic incubator), the paper was drawn 
through a counting chamber at constant rate, under slight positive pressure. Count- 
ing pulses were amplified and directly recorded (ratemeter Tracerlab). Statistical 
fluctuations in the trace approximated 2 °/o of its amplitude. The major outline of 
the trace was considered to indicate the distribution of the radioactivity (C'*) on 
the chromatographic paper. 

Expression of the results. The curve of the impulses (per min.) can be expressed 
in terms of impulses for each 0.05 of the Rf values. Planimetric measurements trans- 
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lated preceding results in mm?. Finally, these values can be converted in terms of 0/0 
of C!4, The IAA position was detected with both the Salkowski and the Ehrlich 


reagents. 


Results 


We will consider the radiochromatograms obtained for ether extracts from 
active solutions in contact for 60 and 150 min. with enzymatic extracts. Let 
us compare the results (given immediately in planimetric values) with those 
obtained by analysis of a solution of non-destroyed IAA. 

Values (for each 0.1 unit of Rf) are shown in Figure 1 and following con- 
clusions can be reported: 


1) for the control assay (time of incubation —0 min.), the number of impulses 
is rather high for a Rf ranging between 0.40 and 0.55. Accumulation of 
IAA is located in this zone of the chromatogram; 

2) after enzymatic incubation (60 and 150 min.) the values corresponding 
to IAA diminish gradually and one notes the simultaneous formation — in 
the zones of a different Rf —- of new substances labeled with C'. 


Consequently, there is no doubt that these substances are formed from IAA. 
Study of Table 1 enables us to consider the nature of the enzymatic destruc- 
tion of IAA. We will report, according to incubation time and for certain 
zones of the chromatogram: 


a) the number of registered impulses by the ratemeter 
b) 
c) the values converted in °/o of C14 detected 
d) the destroyed IAA in °/o 


the corresponding surfaces 
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Table 1. In vitro destruction of IAA labelled with C14 (IAA*). Radiochromatographic 
measurements. Enzymatic extracts: tips (6 mm) of Lens roots (18 mm). 
eee 


Concentration ; Time of incubation, min: 
of Cl4 Products 
Os also 60 90 150 
A Ne 80) 
Impulses 10?/min. IAA* 84.6 67.4 25.7 17.3 9.6 
I 0 8.2 34.1 31.9 30.4 
II 0 2.4 7.6 16.4 17.3 
Ill 0 2.9 3.5 4.2 7.2 
Surface mm? IAA*# 450 351 167 104 54 
I 0 59 194 167 162 
IH 0 14 41 104 108 
II 0 9 14 23 41 
% IAA* 100 78 37 23 12 
I 0 13 43 37 36 
II 0 2 9 23 24 
Ill 0 2 3 5 9 
Total: 100 95 92 88 81 
IAA* destroyed in 
% of CH 0 22 63 77 88 


IAA* Rf: 0.40—0.55 Product I : 0.75—0.90 
Product II : 0.10—0.25 
Product III: 0.25—0.35 


This table lead us to following remarks: 


1) IAA labeled with C4 is rapidly destroyed under the action of an auxin- 
oxidase system; 
2) three kinds of substances — also labeled with C14 — appear simultaneously: 


product I kf 0.75—0.90 
product II 0.10—0.25 
product III 0.25—0.35 


Owing to the values recorded in this table, we can draw the curve of IAA 
destruction expressed in terms of °/o detected on the chromatogram for Rf 
values similar to those of IAA. Figure 2 shows that IAA destruction is carried 
out in four distinct phases: 

a) between 0 to 30 min., IAA undergoes weak decomposition but destruction 
speed increases with increasing time of incubation, 

b) between 30 to 45 min., IAA destruction is maximal, 

c) between 45 to 90 min., IAA undergoes further destruction but more and 
more slowly, 

d) from 90 min. on decomposition of IAA is still to be noted but inactivation 
speed becomes practically steady. 
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+ 

© Figure 2. Left: IAA labeled with C' in 
: . the solution after a various time of in- 

% b> cubation. Relative values. Left: Amount 

& of IAA destroyed. Right: Rate of the 


IAA destruction (calculation for each 
5 minutes). 
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Chemical nature of the oxidation products of IAA. It is known that, in the 
destruction of IAA, one mole of Os is absorbed and one mole of CO» is 
released per mole of IAA inactivated; a simple oxidative decarboxylation of 
IAA to ß-indolylaldehyde is involved (Tang and Bonner 1947, Wagenknecht 
and Burris 1950). On the basis of analogy with the conversion of tryptophan 
to kynurenine, Manning and Galston (1955) and Galston (1956) had supposed 
that the indole ring of IAA could be cleaved to yield o-formamido-acetophe- 
none or secondarily o-amino-acetophenone of dihydroxy-quinoline. Manning 
and Galston (1955) added a large amount of IAA to active enzyme extracts 
prepared with etiolated pea seedlings. The reaction products are extracted 
with CHC and chromatographic separation with isopropanol (2) -ammonia 
(1) -water (1) were performed. Two principal products were detected with 
a Rf of 0.91 and 0.94 B-Indolylaldehyde differs from both of the observed 
reaction products in Rf and colour reaction, and none of these compounds 
which were supposed according to the theory of indole ring destruction, has 
properties of either the two unknowns. According to the “biological” nature 
of enzymatic extract used, other compounds near IAA have been brought to 
evidence (see Andreae et al. 1953, 1955, Gortner and Kent 1953, Kenten 1955, 
Racusen 1955, Stutz 1956). 

What is the chemical nature of the three product detected? 

It is quite clear, first of all, that products I, II, and II derive directly or 
indirectly (see discussion) from labeled IAA as the three contain radio- 
carbon, also. 

Product I seems to be ß-indolylaldehyde; this would confirm Racusen’s 
observations (1955) although being in contradiction with those of Manning 
and Galston (1955) and Galston (1956). Following observations made it pos- 
sible to identify this substance: 


a) product I, isolated by chromatography, has approximatively the same Rf 


as the ß-indolylaldehyde (separated by chromatography with a same sol- 
vent and in the same conditions). See Table 2. 
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Table 2. Rf of IAA, IAA*, products I, II and III, and any indolic compounds. Descending 
chromatography (25°C), solvent: isopropanol (80) — 28 °/o ammonia (10) — 
deionized water (10). 


—— SE 


Rf 
Compounds 
extremes average 
VN (OSTEND EE 0.37 0.45 0.41 
IAA* (labeled)? ............ 0.40 0.55 0.47 
Produet le. Te 0.75 0.90 0.83 
Product elle 0.10 0.25 0.18 
Products| le esse. foe a 0.25 0.35 0.30 
8-Indolylpropionic acid... 0.43 0.55 0.49 
8-Indolylbutyric acid...... 0.50 0.64 0.57 
B-Indolylacetonitrile ...... 0.75 0.89 0.82 
B-Indolylaldehyde ......... 0.80 0.96 0.88 
Product Asa: ann eu — — 0.91 
BrOAUCERB RER — — 0.94 


1 acidum indolyl-3-aceticum purum No 353 (Merk, Darmstadt): PM. 175.18. Data from 
Pilet (1958, b). 

2 B-indolylacetic C!? acid, synthetised by Pichat. (See Pichat et al., 1954.) 

3 Data from Manning and Galston (1955). 


b) This product appears to be an indolic compound; (by means of direct 
analysis on the paper or after elution) a positive coloration appears, the 
following reagents being used (see Pilet 1960 c): 


Salkowski’s reagent (HgSO, and FeCls) 
Ehrlich’s reagent (HCl and p-dimethylaminobenzaldehyde) 
Hopkins-Cole’s reagent (H2SO, and glyoxylic acid) 


c) This product is certainly an aldehyde. After elution, it has been collected 
and treated with following reagent: hydrochloric p-rosanilin discoloured 
with H2SO3. In presence of colourless mixture, aldehyd substances pro- 
duced a red-purple coloration (formation of quinoidic compounds) which 
cannot be mistaken for fuchsin. 


Product II and product III differ from the substances mentioned by Man- 
ning and Galston (1955). With an identical chromatographic solvent, the Rf 
of these substances are very different (Galston found 0.91 and 0.94 respec- 
tively). Nevertheless, it is not impossible that products II and III are all the 
same neighbour compounds of o-formamidoacetophenone and o-amino- 
acetophenone. 

It is however certain that these substances are not of indolic nature. The 
preceding reagents used for chromatography, and especially in the Bours of 
paper where these substance were accumulated, produced no coloration. 
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Discussion 


As seen before (see Figure 3), products I, II, and III — also labeled with 
C14 — proceed doubtlessly from IAA, the only source of radiocarbon. At first 
glance, one can admit that these substances derive straight from IAA; this 
conclusion, however, is not as certain as it looks. 

Product I which appears to be ß-indolylaldehyde can be considered as the 
most important product resulting of labeled IAA destruction by action of an 
auxin-oxidase system. Referring to values in terms of °/o of C!#, one notes 
that disappearance of IAA is immediately followed by formation of pro- 
duct I. This substance, it is evident, comes directly from IAA. If a balance 
sheet of C!4 is established in the course of the chromatography and if taking 
into consideration possible losses along the paper, one observes that amount 
of destroyed IAA is clearly greater than the one of formed product I. It should 
be admitted that IAA yields further and simultaneously but in a less 
quantity — compounds distinct from product I. This is proved by radio- 
chromatographic analysis which brings to evidence products II and III. 

These products II and III do not appear to be indolic compounds and one 
should admit that IAA is destroyed not only through modifications of its 
chain (oxidative decarboxylation) but also by appreciable changes in its 
nucleus (destruction of the pyrrol nucleus). 

Observing the genesis of product I (in function of time of incubation) one 
notes that the rate of formation of this substance nearly coincidate with that 
of IAA destruction. This observation seems to indicate that this mode of IAA 
destruction is certainly the more important one, at least in the course of the 
first phases of IAA destruction by enzymatic processes. 


055 


0,90 
0,25 
0,35 


Figure 3. Enzymatic destruction of IAA 

IAA labeled with CM and parallel formation 
of the products I, II, and III. The rela- 
tive concentration of these compounds 
is expressed in °/o of radiocarbon de- 
tected. 
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After a time, however, whilst IAA destruction goes on regularly, relative 
amount of product I does not increase any more. How explain this pheno- 
menon? 

It can be admitted that formation of product I is really reduced. But as 
decomposition of IAA is weakly diminished, one is led to suppose that syn- 
thesis — from IAA — of other substances increases. Experiment proves it 
as one notes that concentration of products II and III increases. 


It is nevertheless difficult to maintain this hypothesis as it is hardly pos- 
sible to consider that an enzymatic system could destroy in a different man- 
ner a substrat remained identical. One could call in processes of enzymatic 
induction.! Another solution of this problem appears to be more probable. 


One could scheme that product I continues to form itself from IAA, as 
in the first phases of enzymatic incubation. Parallely, one can suppose — may 
be under action of same enzymatic systems — it undergoes in its turn 
degradation. In this case, we can admit that products II and III were not 
only due to the destruction of IAA, but might be formed at the cost of 
product I. 


In this case the IAA destruction would take place in two stages: 


1) shortening of the side chain with formation of ß-Indolylaldehyde (pro- 
duct I) 


2) degradation of the nucleus (pyrrolic decyclisation) with the formation of 
products II and III, either directly from IAA, or (which is more prob- 
able) at the cost of product I. 


Résumé 


L'emploi d’acide ß-indolylacetique (ABIA), marqué par du C4, dans son 
noyau (position a du cycle) a permis d’étudier l’activité d’un système auxines- 
oxydasique préparé à partir de pointes (6 mm.) de racines (18 mm.) du Lens. 


Une méthode d’analyse radiochromatographique nous a fourni des résul- 
tats sur: 1) la vitesse de décomposition de l’ABIA par voie enzymatique 
(intensité de la destruction de ’ABIA en fonction de la durée du temps d’incu- 
bation); 2) la nature des produits formés à partir de ’ABIA dégradé. 


1 By means of induction (Pilet 1959) we understand an adaptation of enzyme either to 
the concentration of its substrat (Galston and Dalberg 1954), or to the chemical nature of 
this substrat. It is evident that formation of destruction substances (ß-indolylaldehyde, 
for instance) of IAA can be considered as a modification of auxin-oxidase substrat (Pilet 


1960 b). 
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On peut considérer que la destruction de VABIA se fait en deux étapes: 


a) raccourcissement de la chaîne laterale avec formation d’un composé 
(produit I) de nature indolique et aldéhydique; il s’agit vraisemblable- 
ment de la B-indolyl-aldéhyde, 

b) décomposition du noyau (décyclisation du groupement pyrrolique) avec 
formation de deux composés (produits II et III) qui peuvent dériver soit 
directement de l’ABIA soit du produit I. 
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Introduction 


Most studies on chlorophyll formation in higher plants have been con- 
cerned with the effects of temperature and light intensity on the greening 
process following transfer of dark-grown seedlings to light, and from a recent 
review (13) it is evident that the influence of these factors on the accumula- 
tion of chlorophyll in actively growing plants has been relatively neglected. 

The chlorophyll content of seedling leaves in which the initially present 
protochlorophyll has been converted to chlorophyll a by the action of light, 
is only a small fraction of that present in the mature leaf. There is a short 
interval during which no further chlorophyll is formed, which may be related 
to morphological changes in the developing chloroplasts (15). The rate of 
further accumulation of chlorophyll a and the beginning of chlorophyll b 
accumulation is then approximately autocatalytic (1), reaching a steady level 
in the mature leaf. At this time the chlorophyll is in a state of turnover, as 
shown by the use of radioactive tracers. (5). The maximal chlorophyll content 
reached in the leaf thus represents a balance between the rates of formation 
and destruction. 

The accumulation of chlorophyll a takes place through the action of light 
on protochlorophyll continuously formed in the leaf (7). In etiolated barley 
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leaves the rate of protochlorophyll production is itself dependent on light 
intensity (14). Sfnith (13) suggests that the autocatalytic nature of chloro- 
phyll accumulation results from the photosynthetic production of proto- 
chlorophyll precursors by the chlorophyll already present. 

The effect of different intensities of natural daylight, obtained by shading, 
on the chlorophyll content of a number of broad-leaved plants has been stu- 
died by Shirley (11). A reduction in the intensity down to about 1/5 that of 
daylight increased the chlorophyll content on a fresh weight basis, although 
the effect was not consistent when measured on a leaf area basis. 

The effect of temperature on accumulation was studied in etiolated wheat 
seedlings by Lubimenko and Hubbenet (8) for periods of time up to 72 hours. 
The highest rate of formation and greatest chlorophyll content was found at 
26°C, very little chlorophyll was found below 4°C or above 44°C. This effect 
of temperature probably acts through the temperature control of proto- 
chlorophyll formation, as Virgin (14) reports very similar temperature coeffi- 

cients for this reaction. Low temperatures do not restrict the protochloro- 
phyll-chlorophyll transformation from the protochlorophyll initially present 
in dark-grown barley seedlings (12) but prevent further accumulation by 
retarding the rate of further protochlorophyll production. 


Methods 


Material and growth conditions 


The chlorophyll determinations were made from 1955 to 1958 on material pro- 
vided by a series of experiments on the influence of light and temperature on the 
growth of Marquis wheat. During the first two years, plants were grown from 
foundation stock seed, year 1952, from the Central Experimental Farm Ottawa; 
later plants were grown from 1956 seed stock. The results of a preliminary experi- 
ment showed that there were no significant differences between the amounts of 
chlorophyll accumulated over a 5-week period in the second leaf of plants grown 
from both seed stocks under identical conditions. 

Seed selected for uniform size was soaked in tap water at 23°C for 6 hours, plated 
onto moist filter paper in Petri dishes and germinated at 23°C for a further 18 hours. 
The coleoptile had then emerged and seed could be selected for uniformity of ger- 
mination. Eight seeds were sown in quartz sand in glazed 7” pots, and after 1 to 
2 weeks growth the number of seedlings was reduced to 4. | 

The quartz sand was sub-irrigated four times daily with Hoagland s No. 1 nutrient 
solution (6), modified by the use of “Sequestrene” (sodium ferric ethylenediamine 
tetraacetate), to supply 10 ppm iron. The solution was maintained at a PH close to 
5.6 and renewed at weekly intervals. Under these conditions, Hoagland s full strength 
solution gave significantly greater increases in the dry weight of the plants than did 
a well fertilized potting soil. The total salt concentration was never less than 65 ‘Je 
of the original concentration before renewal; it has been shown in previous experi- 
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Table 1. Irradiance in the photosynthetically active region of the spectrum for different 
values of Illuminance. 


Iluminance Irradiance from 400 to 720mp 
de! gm-cal (min- cm?)-i| microwatt - cm”? 
200 .0105 735 
500 .0272 1,904 
1,000 .0545 3,815 
1,750 .0960 6,720 
2,500 1370 9,590 


ments in this laboratory that there was no significant difference in growth between 
plants grown in half and full strength Hoagland’s solution. 

The plants were grown entirely under artificial light, provided by General Electric 
standard cool white fluorescent tubes supplemented by incandescent light. It was 
found in preliminary experiments that 30 ftc. of supplementary incandescent light 
were required to provide a photoperiodic response close to the optimal. This was 
included in the total illumination of the 3 light variants, 1,000 ftc., 1,750 ftc., and 
2,500 ftc. In the 500 ftc. and 200 ftc. variants, the ratios of incandescent light to 
fluorescent light was the same as in the 1,000 ftc. variant. As there was little dif- 
ference in spectral composition within this series, the radiant energy values were 
directly proportional to the illumination measured in ftc. Table 1 gives the irradi- 
ance in gm-cal (min: cm?) ! and microwatt cm”? for these various iHuminances. 
Values are also given for the region of the spectrum between 400 and 720 mu which 
closely corresponds to the photosynthetically active portion of the spectrum. In these 
measurements the light was filtered through a Corning glass filter C.S. 1—69 No. 
4600. Corrections were made for the energy absorbed in the region 400 to 720 mu; 
energy measurements were made with a No. G2 Kipp Solarimetric thermopile. 
At the time of maturity of the third leaf there was little shading from the rest of 
the plant. The amount of light received by the leaves at maturity, when the blade 
was presented more or less horizontally to the overhead light, therefore differed little 
from the stated values. The illumination was held constant at the top of the plants 
by altering their distance from the light panel. The total radiation received by any 
one pot in the course of an experiment usually varied less than two per cent from 
that stated, and mean temperatures varied not more than one degree centigrade. 
Temperatures were measured by unshielded copperconstantan thermocouples, placed 
at the top of the plants. Previous experiments in these growth chambers have shown 
that temperatures measured in this way are within 1 to 2°C of those taken by inser- 
tion of a microthermocouple into the leaf tissue. The relative humidity was main- 
tained at 70 per cent, with a short-period fluctuation of + 10 %, in all the 
experiments. 


Chlorophyll extraction and measurement 


Leaf material was ground with 85 °/o acetone with the addition of .02 °/o sodium 
carbonate to prevent chlorophyll breakdown. The material was further extracted 
until colourless, and the extract was centrifuged to clear away plant debris. In some 
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cases where there was not sufficient time for immediate chlorophyll extraction and 
analysis, leaves were cut into 1 cm lengths, covered with absolute acetone (with the 
addition of a little sodium carbonate) and placed in a refrigerator at a temperature 
below 0°C. Preliminary work showed that leaves or solutions of chlorophyll could 
be preserved in this way for at least three weeks without any loss of chlorophyll. 
A recent paper (10) recommends a similar storage procedure. 

Each extract was made from four leaves, and replicated three times, correspond- 
ing to four plants from three separate pots on each sampling occasion. Total chloro- 
phyll contents were determined by measuring the absorption of aliquots at 6630 A in 
a Spectronic 20 colorimeter. A calibration curve of concentration of total chlorophyll 
plotted against absorption was prepared by measuring a dilution series in the Beck- 
mann DU spectrophotometer and determining the absolute concentration of chloro- 
phyll a and b present. Absorption coefficients of extracts were measured at a wave- 
length of 6630 and 6450 A. Concentration of chlorophyll a and b was calculated using 
the specific absorption coefficients of McKinney for 80 °/o acetone (9). It was 
assumed that in the experiments recorded here the ratio remained constant at 
about 3. As the Spectronic colorimeter was used at the absorption peak of chloro- 
phyll a, any small change in the ratio would affect the determination of total chloro- 
phyll only to a small extent. 


Experimental design 


Previous work has shown that under the same environmental conditions, differ- 
ences between rates of chlorophyll formation and maximal chlorophyll content of 
plants grown on different occasions were no greater than differences between repli- 
cate plants at any one time. The whole series of experiments can thus be treated 
statistically as one large factorial experiment on the effect of temperature and light 
intensity on chlorophyll formation. 

Measurements of chlorophyll content were made at two to three day intervals for 
the first, second and third leaf on the main axis. Plants were sampled from the time 
of emergence of the first leaf until the senescence of the third leaf. 


Results 


The rate of chlorophyll accumulation 


Figure 1 shows the formation of chlorophyll in the second leaf of plants 
grown at a constant temperature of 25°C. The higher the light intensity at 
which the plant was grown, the higher was the rate of chlorophyll produc- 
tion and the maximal chlorophyll content of the leaf. Similar curves were 
obtained at other temperatures for the first and third leaf. 

The second leaf was sampled more frequently than the first and third 
leaves, and provided data sufficient for calculations of the rate of chlorophyll 
formation under the various combinations of light intensity and temperature. 
Previous work (12) has shown that chlorophyll formation closely follows 
the rate of an autocatalytic reaction. This has been confirmed in previous 
experiments in this laboratory for the formation of chlorophyll in the first 
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Figure 1. The effect of light intensity on the 
accumulation of chlorophyll in the second leaf 
of plants of Marquis wheat grown at 25°C. On 
the ordinate chlorophyll mg. per leaf. 
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leaf of Marquis wheat (4). The rate of formation has been calculated from a 
series of graphs similar to that presented in Figure 1. 


It was assumed that up to the time of maximum chlorophyll content, the value of 
log, — was linearly related to time, where x equals mg chlorophyll per leaf 
x 


at any one time and A equals maximal chlorophyll content for the particular com- 
bination of temperature and light intensity. The regressions were fitted .graphically 
and an analysis of variance was carried out on the 25 regression coefficients obtained. 
An arcsin Vpercentage transformation was used and the interaction of light and tem- 
perature provided the determination of error. 


The effect of temperature was significant at the 5 °/o level, and the effect 
of temperature on the mean rate of chlorophyll formation taken over the 
five light intensities is shown in Figure 2. Over the range of temperatures 
used in this study the lower the temperature the lower was the rate of forma- 
tion. The only significant differences caused by temperature were between 
the 10°C and 30°C values, using Duncan’s multiple range test (3). | 

In preliminary experiments in this laboratory it was found that there was 
a sharp maximal temperature for chlorophyll development. Plants grown at 
a temperature of 35°C showed marked variation in growth within the con- 
trolled environment chamber; some plants developed very little chlorophyll 
and soon died whereas other plants did not appear very different from those 
grown at 30°C. When careful temperature measurements were taken for a 
period of time by thermocouples placed at plant level, it was found that these 
differences in chlorophyll development and growth could be related to small 
average temperature differences. The mean chlorophyll content in the first 
two leaves (mg. per 10 g. fresh weight) was 7.8 at 30°C, 4.9 at 34°C, 4.5 at 
35°C and only 1.8 at 36°C. This slow rate of chlorophyll formation at 35°C 
is indicated in Figure 2. The rate of formation is also known to be very slow 
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Figure 2. The effect of temperature on the mean regression of chlorophyll accumulation 
(over five light intensities) in the second leaf of Marquis wheat. On the ordinate 
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Figure 3. The effect of light intensity on the mean regression of chlorophyll accumulation 
(over five temperatures) in the second leaf of Marquis wheat. As Figure 2. 


below 5°C (8). The optimal rate of chlorophyll formation in plants grown 
under continuous light therefore probably occurs near 30°C. The Q for 
chlorophyll formation is given in Table 2, and decreases with temperature. 

The effect of light intensity on the mean rate of chlorophyll formation 
taken over the five temperatures was significant at the 6 °/o level in the “F” 
test. The 200 ftc. mean differed at less than the 5 °/o level from those of the 
500 and 1,000 ftc. series, using Duncan’s test (3). From Figure 3, the highest 
rate of chlorophyll formation was at 1,000 ftc. 


Table 2. Effect of temperature on the rate of chlorophyll formation in the second 
leaf of Marquis wheat. 


peels 50 Interval Q» | 
river ire 2.0 

15 — 20°C 1.4 

20 — 25° C it 

25 — 30°C 1.0 


Figures represent the mean values from plants grown at five light intensities, obtained 
from the hand-drawn curve in Figure 2. 
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The effect of light intensity and temperature on the maximal 
chlorophyll content per leaf 


Because of the effects of different light intensities and temperatures on 
the rate of leaf emergence and expansion, comparisons between treatments 
have been made when the leaves were in the same stage of development, the 
stage of maturity, when expansion is just finished and the chlorophyll con- 
tent is greatest. From sets of curves similar to Figure 1, it was seen that in 
all cases the maximal chlorophyll content was greater in the third leaf than 
in the second. Except for three values in the 200 ftc. series, the second leaf 
had a higher maximal content than the first. These values of maximal chloro- 
phyll content were subjected to an analysis of variance. 

The design of the experiment was that of a split block, because of the confounding 
of leaf position with replication. In an analysis of variance the main effects of tem- 
perature, light intensity and leaf position were significant at the 1 °/o level in the 
“F” test. The first order interactions of temperature, light and leaf position, were 
also significant at the 1 °/o level. Because of these interactions, no general means for 
the different temperature and light treatments are given. The mean value of the 


maximal chlorophyll content of the first three leaves, unlike the general mean for 
light intensity and temperature, represents a physiological characteristic of the plant. 


Considering the interaction of light and temperature on the mean maximal 
chlorophyll content of the first three leaves on the main shoot, as shown 
in Table 3, temperature had little effect at the 200 and 500 ftc. level. At higher 
light intensities the content increased between 10 and 20°C, but decreased 
between 20 and 30°C. Considering the effect of light intensity, the content 
increased from 200 to 1,000 ftc. at all temperatures. Between 1,000 and 
2,500 ftc. there was a marked interaction with temperature. At the lower 
temperatures the content decreased with light intensity, whereas at higher 


Table 3. The interaction of temperature and light intensity on the value at the maximal 
amount of chlorophyll formed per leaf in Marquis wheat. (Mean values for the maximal 
amounts in the first three leaves, mg. per leaf.) 


Light Temperature °C 
Intensity 
fte. 10 | 15 | 20 | 25 | 30 
| 
200 0.15 | 0.20 | 0.15 | 0.12 | 0.16 
500 0.22 | 0.26 | Qat | 0.20 | 0.25 
1,000 0.28 | 0.45 | 0.48 | 0.38 | 0.31. 
1,750 0.27 | 0.46 | 0.51 | 0.4% | 0.57 
2,500 0.16 | 0.39 | 0.56 | 0.42 | 0.37 


S.E. of means — + .037 


Each figure is a mean of 36 leaves. 
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Table 4. The interaction of temperature and light intensity on the maximal concentration of 
chlorophyll expressed as per cent fresh weight. (Mean values for the maximal contents of 
the first three leaves.) 


| 


Light Temperature °C 
Intensity 
ftc. 10 15 20 25 30 


200 0.18 
500 0.20 


0 0.11 | 0.14 | 0.21 

0. 
1,000 0.20.20. 

0 

0 


5 

Te 015801785025 

3 | 0.26 | 0.25 | 0.30 
1,750 0.17 4 
2,500 0.12 0 


0.29 | 0.27 | 0.32 
0.34 | 0.30 | 0.35 


Each figure is a mean of 36 leaves. 


temperatures there was an increase. The highest maximal chlorophyll con- 
tent (5.6 mg.) in all combinations was found at a temperature of 20°C and 
a light intensity of 2,500 ftc. 


The effect of light intensity and temperature on the maximal 
concentration of chlorophyll 


Differences in leaf fresh weight were in the same direction as those of 
chlorophyll content, but to a lesser degree, so that the chlorophyll concentra- 
tion was related to the environmental conditions in a manner similar to that 
of absolute chlorophyll content. 

In general the greatest leaf fresh weight coincided with the time of max- 
imal chlorophyll content. The maximal chlorophyll content expressed as 
percentage fresh weight (mean value for leaf 1, 2, and 3) is sbown in 
(Table 4). Below 30°C the response to light intensity and temperature was 
similar to that of chlorophyll expressed as mg. per leaf (Table 3). At 30°C 
the percentage chlorophyll, like the absolute chlorophyll content, increased 
with light intensity. The effect of temperature was different; at 30°C the per- 
centage chlorophyll content was higher than at 25°C. This can be attributed 
to the greater reduction of leaf fresh weight than chlorophyll content. Taking 
the average values for all light intensities, those at 30°C were only 67 °/o of 
the values at 25°C in the case of leaf fresh weight, but 89 °/o in the case of 
mg. of chlorophyll per leaf. 


Discussion 
The interaction of light and temperature in chlorophyll accumulation 


From 20 to 30°C, the chlorophyll content per leaf and the concentration, 
increased with an increase in light intensity. This increase must have been 
Physiol. Plant., 13, 1960 


784 D. J. C. FRIEND 


caused by a rate of chlarophyll production (which is known to be a light 
catalyzed process) greater than the rate of light activated pigment destruc- 
tion. At temperatures below 20°C however, the greatest amount of chlorophyll 
was formed at the intermediate light intensities. The lower temperatures prob- 
ably retarded the formation of protochlorophyll, Jimiting the rate of chloro- 
phyll accumulation without affecting the light activated pigment breakdown. 
The conversion of protochlorophyll is also known to be slower at low tempe- 
ratures (14). The failure of chlorophyll development at 35°C has been attri- 
buted to a block either in the pathway of chlorophyll synthesis immediately 
before protochlorophyll, or in the hydrogen donor system involved in the 
protochlorophyll-chlorophyll transformation, (4). A similar phenomena also 
takes place in some strains of Euglena, where chlorophyll formation is pre- 
vented at a temperature of 34—35°C (2). 

The values for the temperature coefficients of chlorophyll formation 
(Table 2) fell with increasing temperature, agreeing well with the results of 
Lubimenko and Hubbenet (8), for the greening process in etiolated wheat 
seedlings. After 48 hours exposure to light their values for the Qi of chloro- 
phyll formation were 5.4 between 4 and 14°C, 1.6 between 10 and 20°C, 1.4 
between 16 and 26°C and 0.9 between 20 and 30°C. This was attributed to 
the slow rate of dark reactions determining protochlorophyll formation at 
low temperatures. This is confirmed by the similar range of Qjo’s that have 
been found (14) for the rate of protochlorophyll formation in the dark. 


Summary 


1. The rate of formation and maximal amount of chlorophyll formed in the 
mature first three leaves of Marquis wheat was controlled by the light inten- 
sity and temperature under which the plants were grown. The temperature 
coefficient (Qio) of the rate of accumulation decreased with temperature 
from 5 to 30°C. Chlorophyll formation was strongly retarded at 35°C. The 
dynamics of the greening process are thus similar to that in etiolated seed- 
lings exposed to light. 

2. There was a marked interaction of light and temperature on the max- 
imal amount of chlorophyll accumulated at light intensities above 1,000 fte. 
At the lower temperatures the content decreased with light intensity, at the 
higher temperatures it was greatest at 2,500 ftc. The content increased with 
light intensity at all temperatures between 200 and 1,000 ftc. illumination. 


Controlled environment facilities were made available by Dr. H. A. Senn of the 
Plant Research Institute; thanks are also expressed to M. Leyritz, K. Last and 
D. Leonard for their technical assistance and to my colleagues in the Institute for 
many helpful discussions. 
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Introduction 


Romney and Toth (4) studied the distribution of manganese in tomato and 
soybean plants 10 days after a 0.3 per cent solution of **Mn labeled manga- 
nese sulphate was painted on selected parts of the plants above ground. Their 
results showed °?Mn to be absorbed through leaf, petiole and stem tissue 
and to be translocated throughout the plant, the tendency being for more 
of the foliage applied **Mn to move upward than downward from the point 
of application to regions of active growth. 

Through pot experiments with oats, which had been designed with a dif- 
ferent purpose in mind and in which the manganese sulphate was added 
either to the soil upon sowing or was directly applied to the plants by spray- 
ing at different times during the period of growth, the crops likewise being 
harvested at different times, it was possible to elucidate the problem of the 
translocation of manganese from the top of the plants above ground to the 
roots over an extended period of time, as follows. 


Materials and Methods 


The pot experiments were carried out in cylindrical P.V.C. pots fitted with external 
pipes for watering from the bottom; broken flints were used as drainage material. 
The capacity of the pots was 20 litres, and their surface area was 500 sq. cm. A sandy 
soil from Klovborg, Jutland, was used. By means of the Ter Meulen apparatus the 
Physiol. Plant., 13, 1960 


[786] 


FOLIAR APPLIED MANGANESE 787 


content of organic carbon of this soil was found to be 1.65 per cent; the pH of the 
soil was 8.0. 

The amount of basic fertilizer added per pot was 20 g. NaNO,, 5 g. KH,PO4, 5 g. 
K2HPO,, 15 g. MgSO, : 7H20, 0.5 g. CuSO, : 5H,0, 0.1 g. NagB,O7- 10H,0, and 0.25 g. 
ZnSO, : 7H,0. All salts used were Merck’s A.R. and were uniformly mixed with 
20 kg. soil per pot immediately prior to sowing on April 15th. 

The experimental fertilizer used was MnSO, : H,O p.a. One treatment consisted of 
the addition of ‘0.3 g. of Mn in this form to the total soil content of the pot on 
April 15th. 

A 2 per cent solution of MnSO,-H,O was used for spraying, the oats of one set 
of pots being sprayed on May 20th, those of another on June 3rd, and those of a 
third on May 20th as well as on June 3rd, i.e., 36 and 50 days, respectively, after 
the sowing on April 15th, 1959. 

A total of 35 kernels of oats var. Victory were sown per pot. 

The plants were sprayed between the hours of 3 and 4 p.m. by means of a glass 
atomizer at atmospheric pressure and it was, as far as possible, attempted to use 
only the amount of liquid necessary to moisten the plants. On May 20th 4 ml. of a 
2 per cent solution of manganese sulphate was used for 25 plants of an average 
height of 18 cm., and on June 3rd 5 ml. of the same solution was used for the same 
number of plants now of an average height of approximately 30 cm. The pots con- 
taining the sprayed plants were kept under cover until the following morning at 
8:30 a.m. in order to prevent the manganese sulphate from being washed off the 
plants in the event of a rainfall. The soil was maintained at a moisture content equal 
to 50 per cent of its total water holding capacity calculated on an air-dry basis. 

The oats were thinned to a density of 25 ‘plants per pot on May 13th. On the 
basis of the plants removed the yield by May 13th was computed per 25 plants per 
pot. Another 3 pots were harvested on May 20th, and again on May 27th, June 3rd, 
June 10th, June 17th, June 24th, and 4 pots at ripeness on August 10th. Hence oats 
were harvested at 29, 36, 43, 50, 57, 64, 71 and 118 days after the sowing. 

At harvest the soil was worked loose and the plants, tops and roots, were then 
pulled up. The tops were cut off 1/2 cm. above the roots. The roots were carefully 
washed in water prior to drying and manganese analysis. The tops of the plants 
sprayed with manganese sulphate were washed in a 0.3 per cent solution of teepol 
(sodium higher alkyl sulphate) and subsequently rinsed in de-ionized water and 
finally in glass-distilled water prior to drying and analysis. The tops of the oat plants 
which had not been sprayed and the tops of the plants harvested on August 10th 
were not washed. 

In mixed samples from pots given identical treatment the manganese content of 
the crops was determined colorimetrically as permanganate after wet ashing with 
a mixture of sulphuric and perchloric acids. Divalent manganese in the neutralized 
solution was oxidized by means of potassium persulphate in the presence of sul- 
phuric acid and silver ions. 


Results 


Notes on plant growth: The oats germinated uniformly, germination being com- 
pleted by April 30th. On May 18th the first slight symptoms of manganese deficiency 
were observed in the plants which had not received additional manganese, and the 
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Table 2. The relation between the concentrations of manganese in oats sprayed with manga- 
nese sulphate at different times and in oats given basic fertilization. Roots harvested at 
different dates during the period of growth. 
SR SE RE is dan. 

Date of harvesting and number of days after sowing 


Freatment 13 May | 20 May | 27 May | 3 June |10 June|17 June|24 June | 10 Aug. 
29 36 43 50 57 64 71 118 
Basic fertilizer ...| 100 100 100 100 100 100 100 100 
spr. 20 May......... 100 100 114 110 121 126 174 192 
spr. 3 June.........| 100 100 100 100 112 137 174 217 
spr. 20 pay ia and 
3 June............. 100 _| 100 114 110 131 194 ‘278 433 


symptoms remained slight throughout the growth period. On June 20th the plants 
were sprayed with a 0.2 per cent nicotine solution against aphid attacks. 

The oats which had been given basic fertilizer and those on soil to which had 
been added 0.3 g. of manganese began earing on June 28th and on June 27th, respec- 
tively, and all of the ears had developed in the case of the former by July 3rd and 
in the case of the latter by July 1st. In the case of the 3 sprayed crops the earing 
commenced on June 29th and was completed by July 1st. 


Further results. Preliminary experiments showed that in oats which had 
been sprayed 24 hours previously with a 2 per cent solution of manganese 
sulphate the concentration of manganese was approximately 83 per cent 
lower in plants washed in teepol and rinsed with de-ionized and distilled 
water than in unwashed plants. The experiments also showed that in un- 
sprayed 36-day-old oat plants and 2-week-old wheat plants the concentration 
of manganese remained unchanged when the plants were washed in the way 
described. 

In Table 1 are given the yields in g of dry matter per pot as well as the 
manganese concentration of the oats in p.p.m. of manganese in the dry mat- 
ter at the different times of harvesting. In the crops harvested on the various 
dates the concentration of manganese in roots of oats sprayed with a 2 per 
cent solution of manganese sulphate at different times throughout the period 
of growth was compared to the concentration of manganese in roots from 
basally fertilized crops, the concentration of manganese in the latter being 
put at 100. The relative values are given in Table 2 


Discussion and Conclusions 


When manganese sulphate is sprayed unto the surface of a plant, it is 
possible that part of the manganese supplied is adsorbed on the surface with- 
out participating in the metabolic processes of the plant; hence it is necessary 
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to attempt a removal of this fraction before determining the concentration of 
manganese within the plant. Mederski and Hoff (2) studied this problem 
having been unable to remove all of the foliar applied manganese from soy- 
bean plants by washing the plants in 6 successive lots of distilled water imme- 
diately following the addition of manganese. 

Next, an attempt was made to separate the amount of manganese possibly 
adsorbed on the surface of the leaf from the amount which had penetrated 
into the leaf tissues of soybean plants which had been dipped into a 1 per 
cent solution of manganese sulphate; the procedure adopted was a washing 
of parallel samples of crops in, distilled water and a 2 per cent solution of 
sodium nitrate, respectively, at varying intervals after the manganese sul- 
phate treatment. The fact that the difference between the concentrations of 
manganese in the water washed and the sodium nitrate washed plants was 
not constant when determined at different intervals after the treatment led 
the authors to conclude that this difference did not exclusively represent 
surface adsorbed manganese. 

Nicholas et al. (3) state that iron which is present as a contaminant on 
leaf surfaces of tomato can be removed completely by washing the leaves for 
30 seconds in 0.3 per cent teepol and water followed by a 30 sec. rinsing in 
distilled water. In the present study this method was adopted supplemented 
by an intermediate rinsing in de-ionized water. 

Preliminary experiments showed the concentration of manganese in oats 
sprayed 24 hours previously with manganese sulphate and washed in the 
above way to be about 83 per cent lower than that of sprayed but unwashed 
plants. It was also shown that by this method of washing no manganese was 
removed from 36-day-old oat plants and 14-day-old wheat seedlings not 
sprayed with manganese sulphate. Since, furthermore, Bukovac & Wittwer 
(1) have shown that about 20 per cent of the total isotopes applied (5?-54Mn) 
were absorbed and translocated from the site of application on one of the 
primary leaves of the bean plant 24 hours after treatment, the combined 
evidence indicates that the concentrations of manganese found in sprayed 
and washed oat plants represent the order of magnitude of the amount of 
manganese taken up by spraying as well as from the soil. 

The crop harvested on August 10th was not washed due to practical dif- 
ficulties. However, since the plants received 109 mm. of rain after May 20th, 
101 mm. of which fell after June 3rd, probably only slight amounts of man- 
ganese were left on the surface of the plants without being washed away or 
absorbed during the 82 and 68 days, respectively, following the spraying. 

The slight symptoms of manganese deficiency observed and the relatively 
high yield of the basally fertilized crops on August 10th show (Table 1) that 


the soil used was only slightly deficient in manganese and that the results 
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found were placed on the upper part of the yield curve where the yield in- 
crements per unit of fertilizer applied are small and uncertain. Concordautly, 
for the ripe crop there is no significant difference (at the 0.05 significance 
level) between the yield obtained by adding manganese to the soil and that 
obtained by spraying, or between the individual sprayings. A comparison 
of the values given in Table 1 for the dry matter yield obtained by basic 
fertilization and that found when 0.3 g. of Mn was added to the soil shows 
an increase in the yield of dry matter of the tops as well as the roots at all 
dates of harvesting, whereas in the case of the sprayed plants no increase in 
yield was found until the harvest on August 10th when the plants were ripe. 
Hence these results indicate that if the object is an increase in dry matter on 
a soil deficient in manganese and at a time during the growth period preced- 
ing ripeness, manganese should be applied to oats earlier than 36 days after 
the sowing. 

Further, it can bee seen from Table 1 that a week after the spraying the 
concentration of manganese had increased in the roots of the plants sprayed 
after various intervals as compared to that of plants given only basic fertil- 
ization, and that at all subsequent dates of harvesting the concentration of 
manganese in the roots remained higher in the sprayed plants than in those 
given only basic fertilization. 

It also appears from Table 1 that compared to the concentration of manga- 
nese in the roots of the crops given basic fertilization the concentration in the 
roots of the plants sprayed twice had increased by the time they were har- 
vested on June 10th by a value equalling the combined increases obtained 
by the two separate sprayings. At subsequent dates of harvesting the increase 
in manganese concentration in the roots of plants sprayed twice exceeded 
that obtained by the two separate sprayings. 

It can be seen from Table 2 that the increase in the manganese concentra- 
tion of oat roots obtained after one week and due to foliar applied manga- 
nese sulphate is not only maintained, but continues to increase strongly 
during the remainder of the growth period as compared to the basally fer- 
tilized crops. 


Summary 


In pot experiments oat plants 36 and 50 days old, respectively, and grow- 
ing in a sandy soil slightly deficient in manganese were sprayed with a 2 per 
cent solution of manganese sulphate and subsequently harvested at different 
times during the growth period. The concentration of manganese in the 
roots as compared to that in the roots of plants given only basic fertilization 
was found to have increased at the time of the first harvesting 1 week after 
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the spraying. The increase grew progressively with the number of days pas- 
sing between the spraying and the harvesting in such a way that the largest 
increase was found in plants harvested at ripeness. 
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Introduction 


It has long been known that the biological effect of weak acids on intact 
cells increases when the pH in the external medium decreases. In experi- 
ments with acidic inhibitors it has been shown that the effect is often directly 
proportional to the concentration of undissociated acid in the medium; in 
other cases the relationship is more complicated. Generally, the greater effect 
of the undissociated molecule is probably due to the fact that only neutral 
molecules can easily penetrate the strongly charged membrane surrounding 
the intact cell; ions are either repelled or adsorbed. Certain inhibitors may 
be capable of affecting the cell metabolism only by adsorption at the cell sur- 
face. The effect of the pH in such cases obviously depends upon the nature 
of the chemical bond between the receptor and the inhibitor. 

Previously in this investigation it was shown that the growth inhibiting 
effect of benzoic and salicylic acids on Proteus vulgaris and baker’s yeast is 
directly proportional to the concentration of undissociated acid within a 
fairly large range of pH-values. The purpose of the present investigation was 
to ascertain whether a similar relationship exists between the amount of 
benzoic acid taken up by the cells and the concentration of undissociated acid 
in the medium. 

The investigation was performed with thick suspensions of P. vulgaris and 
baker’s yeast, to which were added known amounts of benzoic acid at dif- 

Physiol. Plant., 13, 1960 
[793] 


794 INGMAR BOSUND 


ferent pH-values. Determination of the resulting concentration of benzoic 
acid in the external medium enabled calculation of the amount of inhibitor 
taken-up per cell when the suspension volume, the cell volume and the num- 
ber of cells were known. Obviously, this method does not distinguish between 
molecules which actually have diffused into the cells and those only adsorbed 
at the surface. 

The aim of this investigation was threefold: to study the influence of pH 
on the amount of benzoic acid taken up per cell, to ascertain whether the 
varying sensitivity of the organisms in question to benzoic acid is related to 
their tendency to take up the inhibitor, and to gain some information about 
the actual concentrations of inhibitor within the cells during bacteriostasis. 


Material and Methods 


Preparation of cell suspensions. P. vulgaris (the same strain as was used before) 
was cultured in Erlenmeyer flasks at 37°C for 20—24 hours in a medium containing 
glucose and casein hydrolysate (Bosund 1959). The cells were harvested by centri- 
fugation and washed twice in buffer of the same pH as that at which the experiment 
was to be performed. The final suspensions were adjusted to contain about 75 mg. 
dry wt. of cells/ml. Equally thick suspensions of baker's yeast (supplied by AB 
Svenska Jastfabriken) were prepared in the same way. In all experiments the final 
amount of dry wt./ml. was determined by turbidity measurements. 

Determination of cell volume. To calculate the amount of benzoic acid taken up 
per cell it was necessary to know the volume and the number of cells in suspensions 
of different turbidities. The cell volume was determined by the use of inulin, a sub- 
stance to which the cell membranes are completely impermeable. The determination 
was carried out according to the gravimetric method described by Conway and 
Downey (1950 a). Cell numbers were determined microscopically in stained and 
dried preparations of P. vulgaris and in experiments with yeast cells directly in a 
counting chamber. 

Experimental procedure. In most experiments 1 ml. of 50 mM benzoic acid (ad- 
justed to the experimental pH) was added to 10 ml. of cell suspension prepared in 
the way described above. 15 minutes were allowed for equalibration, after which 
the cell suspension was centrifuged at 8000 g. for 15 minutes. The pH of the super- 
natant was measured in a Beckman pH-meter and its concentration of benzoic acid 
was determined in a Beckman DU at 230 mu after acidification with HySO, and suit- 
able dilution. The absorption value was corrected with reference to the absorption of 
a blank treated in the same way and obtained by adding 1 ml. of distilled water 
instead of 1 ml. of 50 mM benzoic acid to the cell suspensions. This correction was 
of great importance only in those experiments where the resulting concentration of 
benzoic acid in the supernatant was low. The buffers used were solutions of 0.05 M 
Na;HPO, and 0.025 M citric acid mixed in different proportions giving pH-values 
between 3.0 and 8.0. During the experiments the pH-values of the cell suspensjons 
shifted generally somewhat (0.1—0.3 pH-units) towards more neutral values. This 
could be prevented by using more concentrated buffers which, however, resulted in 
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higher corrections and consequently less accuracy of the benzoic acid determina- 
tions. Since the pH was measured in the supernatant after the experiment and since 
this value was used in the calculations, a small shift in pH did not involve any 
serious disadvantage. 


Results 


Theoretical. When a solution of benzoic acid is added to a suspension of 
intact cells, the substance distributes itself between the cells and the liquid 
phase. An expression of the mean concentration of benzoic acid in the cells 
([BJcen) can be obtained by the following equation: 


added amount of benzoic acid = Ven X [B] cen + Vinuia X [B]ruia, where 


Veen = total volume of cells in the suspension 
Via = volume of the liquid phase in the suspension 
[B}#uia = concentration of benzoic acid in the liquid phase. 


Veen, Viuia and [B}fuia are easily determined experimentally in the way 
described above and consequently [B] ce can be calculated. This quantity is 
purely theoretical since much of the benzoic acid taken up is certainly con- 
centrated on surfaces within the cell or at the cell boundary. It is evident 
from the equation above that [B] ce can be calculated with great accuracy 
except in those experiments where Via X [|B] tuia is approximately equal to 
the amount of benzoic acid added, i.e. when nearly all of the substance re- 
mains in the liquid phase. This will presumably occur only at high pH-values. 

Experiments with P. vulgaris and baker’s yeast. At first it was investigated 
to what extent the amount of benzoic acid taken up was influenced by the 
time of contact between the cells and the inhibitor. For this purpose two 
series of experiments were performed, one at pH 5.5 and the other at pH 7.5. 
Within these series the time interval between addition of benzoic acid and 
centrifugation of the suspensions was varied from 0 to 30 minutes. It was 
found that the length of the time interval within this range had no influence 
on the amount of benzoic acid taken up. This must imply either that the dif- 
fusion of the inhibitor into the cells was very rapid (in spite of the fact that 
only 0.05 °/o of the total amount of benzoic acid is undissociated at pH 7.5) 
or that the greater part of the amount disappearing from the liquid phase was 
adsorbed on the cell.surface. It may be mentioned that in similar experiments 
Conway and Downey (1950 a) showed that the uptake of acetic acid by yeast 
cells was complete in about a minute or less. 

The results of an experiment with yeast cells shown in Table 1 give an 
impression of the values of Veen, Via, [B] nuias and [B] cen generally obtained 
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Table 1. The uptake of benzoic acid by yeast cells at different pH. Experimental conditions 
as described in the text. 
ee ee Ar TEE Ian an nn a m —————n menu 


Amount of benzoic acid 
Hu | Veell VAuid, | [BlAuid, | E [Bleell, [Bleell 
P ml. i ml. mM in medium, | added, | in cells, mM | [Blquid 
„mol tmol | pmol | 
5.4 2.20 8.80 2.87 25.3 | 46.1 | 20.8 9.46 3.3 
8.5| 2.20 8.80 5.34 | 47.0 | 461 0 0 ae 


in this investigation. It is evident that an appreciable amount of the benzoic 
acid added disappeared from the external medium at pH 5.7 while no 
measureable quantity was taken up by the cells at pH 8.5. 

The experimental data obtained in this investigation are summarized in 
Figure 1 by plotting [B]cen/[B]nuia or alternatively N (number of benzoic acid 
molecules taken up per cell from 1 mM solution of the inhibitor) as a func- 


Ace. %UNDISSO- Blceut % UNDISSO- 
ante CIATED ACID Beis CIATED ACID 
7100 100 
6 PROTEUS VULGARIS 251 N BAKER'S YEAST 


CELL VOLUME 0.943 CELL VOLUME 4543 


20 
6 
15 + 4408 
50 2 50 
4 
10 
f 5 
228310 SAS DEI PUK ay Be hod ls An 
p pH 
A B 


Figure 1. The uptake of benzoic acid as a function of pH. Experimental conditions as described 

in the text. [B],.5/[Blyuia ratio between the mean concentration of benzoic acid in the 

cells and the concentration of benzoic acid in the external medium. N=number of benzoic 

acid molecules taken up per cell from 1 mM solution of the inhibitor. Per cent undis- 

sociated benzoic acid at different pH-values (calculated with 10-4.20 as dissociation constant) 
is shown by the dashed lines. 


A Proteus vulgaris. Cell volume 0.9 3. 
B Baker's yeast. Cell volume 45 3, 
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tion of pH. Since the amount of benzoic acid added to the cell suspensions 
was the same in all experiments, the final concentration of inhibitor in the 
liquid phase evidently differed widely from one experiment to another. At 
sufficiently low pH-values the resulting concentration in the supernatant 
could drop to 0.5 mM or occasionally even lower. Consequently the quanti- 
ties [BJcen/[BJfuia and N in Figure 1 were calculated from values of [B]tuia 
ranging from 0.5 to about 5 mM. It was shown in separate experiments with 
varying additions of benzoic acid that these quantities were essentially in- 
dependent of the value of [B]fuiq Within this range. 


Discussion 


As pointed out above, the experimental design does not distinguish between 
molecules of benzoic acid which have diffused into the cells and those ad- 
sorbed on the cell surface. Accordingly the results must be evaluated with 
caution. Certain observations illustrating the questions touched upon in the 
introduction may nevertheless be discussed. 

Figure 1 shows the relation between pH in the external medium and the 
total amount of benzoic acid taken up by the cells. It is evident that this 
amount increases according to a S-shaped curve when the pH is lowered in 
the same way as the fraction of undissociated benzoic acid increases (dashed 
lines). It is, however, also clear, that the two curves are separated by approx- 
imately one pH-unit in the experiments with P. vulgaris. This means that a 
shift in pH from 5.0 to 4.0, for instance, results in a comparatively small in- 
crease in [B]ceu/[B]nuia, Whereas the concentration of undissociated inhibitor 
increases with 500 per cent in this range. Without knowledge of the way ben- 
zoic acid is bound by the cells any explanation offered for this discrepancy 
can only be speculative. In the experiments with yeast cells, however, the two 
curves nearly coincide. Close inspection of the curves shows in both cases 
that at high pH-values the increase in the quantities [B]cen/[B]ruia and N is 
apparently slower than the increase in the concentration of undissociated 
acid. As mentioned above, however, the calculation of [B] ce can only be 
approximative in those parts of the pH-range where the amount of inhibitor 
taken up by the cells is small. 

It has been shown previously in this investigation that P. vulgaris is much 
more sensitive to benzoic acid than baker’s yeast. Growth experiments with 
these organisms proved that the yeast cells could tolerate 10 times higher 
concentrations of benzoic acid in the medium than P. vulgaris. One of the 
questions posed above was whether this greater tolerance was caused by a 
less marked tendency to take up the inhibitor. Figure 1 shows that one cell 
of P. vulgaris binds about 3.2 X 10® molecules of benzoic acid in a 1 mM solu- 
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tion at pH 5.0, whereas the corresponding figure for a yeast cell is 1.6 108. 
Since the mean volume of a yeast cell was approximately 50 times that of a 
P. vulgaris cell in these experiments, it is evident that the amount of inhibitor 
taken up at pH 5.0 is about the same for both organisms if calculated per 
cell volume. Calculated per cell surface or per cell, it is considerably greater 
for the yeast cells. In any case, there is no indication that the greater tolerance 
of the yeast cells to benzoic acid is caused by a less strong tendency to bind 
inhibitor molecules. 

It is evident from Figure 1 that the concentration of benzoic acid in the 
cells (assuming uniform distribution of the inhibitor throughout the cell 
volume) can reach considerably higher values than the concentration in the 
medium. In the previously mentioned work with yeast cells by Conway and 
Downey it was shown that this also applies to formic, acetic, propionic and 
butyric acids, while succinic, glyceric and a number of other acids with 
hydroxyl and amino groups are very weakly bound by the cells. Other experi- 
ments (Conway and Downey 1950 b) show that the concentration of acetic 
acid is about 4 times as high in the cells (assuming uniform distribution) as 
in the medium at pH 4.2. The corresponding figure for benzoic acid, as shown 
in this work (Figure 1 B), is about 15. The marked tendency of benzoic acid to 
accumulate in the cells, which may be the main reason for its growth inhi- 
biting effect, is certainly due to its high solubility in lipoid materials. Since 
it is widely assumed that the cell membrane and certain internal cell struc- 
tures are built up of lipoproteins, it is probable that much of the inhibitor 
taken up accumulates on surfaces of this kind. 


Summary 


The uptake of benzoic acid by washed cells of P. vulgaris and baker’s yeast 
was studied at different pH-values. 

The amount of inhibitor taken up was found to increase with decreasing 
pH. In the experiments with baker’s yeast this increase was roughly propor- 
tional to the concentration of undissociated benzoic acid in the external 
medium. 

The organisms studied were found to bind about the same amounts of ben- 
zoic acid per cell volume at pH 5.0. At higher and lower pH-values the uptake 
of inhibitor by the yeast was somewhat greater. 

At low pH-values the inhibitor concentrations reached within the cells 
(assuming uniform distribution) could be many times greater than that in the 
external medium. 

This work is part of an investigation supported by the Swedish Natural Science 
Research Council. 
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Introduction 


In experiments with substances affecting the growth of microörganisms 
the degree of inhibition often varies profoundly with the composition of the 
growth medium. The nature of such variations may sometimes point rather 
directly to the site of action of the inhibitor. A classical example is the 
elucidation of the mode of action of the sulphonamides by discovery of the 
antagonism between sulphanilamide and p-aminobenzoic acid (Woods 1940). 

The present investigation was prompted by the observation that the growth 
inhibiting effect of benzoic acid is considerably stronger in a medium with 
ammonium ions as the sole source of nitrogen than in a medium containing 
a mixture of amino acids addeu in the form of casein hydrolysate. Similar 
observations have been made in experiments with various other inhibitors 
and different explanations have been proposed. The examples given below 
are only intended to illustrate the complexity of the problem. 

As early as 1942 Ivänovics reported that the growth inhibiting effect of 
salicylic acid can be reversed by various amino acids, especially lysine, valine, 
leucine and methionine. He also showed that the synthesis of pantothenic 
acid is specifically inhibited by salicylate and suggested that the antagonistic 
effect of the amino acids might be ascribed primarily to an increased produc- 
tion of pantothenic acid in the presence of these acids. Markees (1946) criti- 
cized this interpretation of the results and considered it more likely that 
salicylic acid directly affects the formation of many intermediates and that 
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all of these, when added to the medium, should diminish the effect of the 
inhibitor. This view seems more probable in the light of later results con- 
cerning the role of salicylate as an uncoupler of oxidative phosphorylation 
(Penniall, Kalnitsky, and Routh 1956, Bosund 1957). 

The bacteriostatic action of various sulphonamides can be considerably 
reduced by adding methionine and serine to the growth medium. This is cer- 
tainly due to the fact that the synthesis of these amino acids (which requires 
p-aminobenzoic acid) is inhibited by the sulphonamides. 

Another inhibitor which is influenced by amino acids is hexamethylene- 
tetramine (Yamada 1951, Linko and Nikkilä 1959). Only two amino acids 
seem to be antagonistic, namely cysteine and tryptophan. In this case the 
reversing effect was attributed to the fact that these amino acids react with 
and thereby inactivate the biologically active decomposition product of 
hexamethylenetetramine, which is formaldehyde. The antagonistic effect of 
cysteine may in addition, as suggested by Linko and Nikkilä, be due to its 
SH group, especially since glutathione and thioglycollic acid were also active. 

Of the antibiolics, the effect of streptomycin has been shown to be dimi- 
nished by amino acids (Sevag 1955). The growth inhibiting effect of low 
levels of chloramphenicol, which specifically inhibits protein synthesis is 
said to be counteracted by various amino acids (for instance phenylalanine, 
Woolley 1950) but the effects are weak and do not suggest a direct antago- 
nism between chloramphenicol and the amino acids in question. The effect of 
aureomycin can be completely reversed by glycine over a 4-fold concentra- 
tion range (Foster and Pittillo 1953). Partial reversal was obtained by various 
other amino acids, glutamic acid being the most effective. Penicillin G, 
dihydrostreptomycin, chloramphenicol and terramycin were also shown to 
be counteracted by casein hydrolysate or individual amino acids in the same 
investigation but to a lesser degree. 

The main purpose of the present work was to investigate if the compara- 
tively weak effect of benzoic acid in a medium containing casein hydrolysate 
could be attributed to the action of one or a few special amino acids. If so, 
the nature of the antagonistic amino acids would probably have some signi- 
ficance with regard to the mode of action of the inhibitor. The growth experi- 
ments were performed in liquid media and on solid substrates utilizing a 
paper disk assay method similar to that for antibiotic tests. Regardless of the 
principal aim of this work, it was considered of importance to investigate 
the usefulness of this method in studying the inhibitors in question. Some of 
the experiments showing the antagonistic effect of certain amino acids on 
the growth inhibition caused by benzoic acid were made under aerobic as 
well as anaerobic conditions in order to study the influence of the oxygen 
supply.on the results obtained. 
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Additionally, some studies concerning the effect of benzoic acid on the 
utilization of nicotinamide were included in this work. These experiments 
were prompted by the suggestion of Adler et al. (1943) that benzoic acid and 
nicotinamide might be antagonistic owing to structural similarity. Proteus 
vulgaris appeared to be very suitable as a test organism for an investigation 
of this possibility since it cannot synthesize nicotinamide. 


Methods 


The same strain of Proteus vulgaris was used as in previous investigations. In- 
oculations were made with cells in the logarithmic phase growing in a medium of 
the following composition: glucose, 1.0 g.; KH:PO4, 8.0 g.; Na5HPO, : 2H20, 2.0 g.; 
NH,CI, 1.0 g.; MgSO, : 7H;0, 0.1 g.; nicotinamide. 0.2 mg.; distilled water, 1000 ml.; 
pH, 6.0. This basal medium was employed in all growth experiments. Individual amino 
acids and inhibitors were added as solutions, neutralized to pH 6.0. In experiments 
with the paper disk method 1.5 °/o agar was added to solidify the substrate. Through- 
out the work the same amount of inoculum, about 10% cells per ml. substrate (viable 
counts) was used. 

Growth experiments on solid substrates. Two different procedures were employed, 
schematically represented in Figure 1. The vessels in which the inoculated, molten 
agar substrate was allowed to set were made of glass with steel frames. Paper disks, 
previously dipped in neutralized solutions of inhibitors or amino acids and still 
moist were placed on the surface of the solidified substrate. The vessels were in- 
cubated at 30°C for 24 hours. During this time the vessels were covered with tightly 
fitting glass plates. 

Growth experiments in liquid media. These experiments were performed in 125 ml. 
rectangular medical flasks containing 50 ml. basal medium-+ additions. Generally 
the flasks were horizontal during the incubation time. The temperature was 30°C. 
This procedure guaranted optimal oxygen supply to the cultures during the whole 
experiment. The effect of the inhibitors under anaerobic conditions was investigated 
in stationary flasks kept in an anaerobic jar. Preliminary experiments showed that 


€<— 200 mm—> 


PAPER DISK FE 
WITH INHIBITOR}. 


BASAL SUBST- 
RATE WITH OR |; 


_: PROCEDURE A PROCEDURE B 
Figure 1. Schematic representation of the procedure employed in the experiments 
with solid substrates. 
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the incubation time was of crucial importance. This is probably due to the fact that 
benzoic acid, like many other inhibitors, affects the lag phase as well as the growth 
rate in the logarithmic phase. Consequently it was important to observe the growth 
of the cultures during a relatively long period. In the experiments with liquid media 
the final growth determinations were generally made after 7 days’ incubation. The 
cell numbers were determined by turbidity ıneasurements in an Ebbendorf photo- 
meter and viable counts by plating in glucose-peptone-agar. 


Results 
Influence of benzoic acid on the utilization of nicotinamide 


In order to ascertain whether any antagonism exists between benzoic acid 
and nicotinamide, a series of experiments were carried out with Proteus vul- 
garis. In these the growth inhibiting effect of benzoic acid was investigated 
in media containing different concentrations of nicotinamide. This vitamin 
was found to have no influence on the concentration of benzoic acid neces- 
sary for complete inhibition of growth, not even when present in large 
amounts. 

Direct evidence of the absence of a specific effect of benzoic acid on the 
utilization of nicotinamide in oxidative processes was obtained in Warburg 


Q 
ly 
= ADDITION OF ° 
= CE 
< SSH MAMIRE : MPEB 
a 3 7/CELLS OF ee 
oO = Bit Pacis Figure 2. Effect of benzoic acid 
= © re = on the utilization of nicotin- 
= 2.0 S Vi, amide. Each vessel contained be- 
S 5 sides 3.0 mg. dry wt. of cells 
> TIME Lf cd (as shown in the figure), 133 
= BA “ umoles of potassium phosphate 
Q d NICOTIN- | 
WwW 7 AMIDE and 5 umoles of glucose: 
= A © no further additions, 
2 74 Mle @-@ 6 mM benzoic acid, 
7 az Ps Fa PACE OF D-O no further additions, 
> a eae ee A @—H 6 mM benzoic acid, 
a oe A—A 10 ug nicotinamide, 
= IL A-A 10 ug nicotinamide and 
2 Zz 6 mM benzoic acid. 
to À Temp. 37°C; pH 6.0; final vol- 
3 ume 2.5 ml. 
= 40 80 120 

MINUTES 
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experiments with washed cells of P. vulgaris. The cells were precultured in 
a medium containing growth limiting amounts of nicotinamide according to 
the diagram shown in Figure 2. When growth had ceased owing to lack of 
nicotinamide the culture was divided into two portions. From one portion the 
cells were immediately harvested by centrifugation, washed and suspended 
in buffer (cells of type A, deficient in nicotinamide). To the other portion of 
the culture more nicotinamide was added with further growth as a result. 
When the logarithmic growth phase was established, these cells were also 
harvested and treated in the same way (cells of type B, rich in nicotinamide). 
It is evident from Figure 2 that cells of type B oxidized glucose approximately 
4 times as rapidly as cells of type A. Addition of nicotinamide to the latter 
cells simultaneously with glucose resulted in a successively increasing oxida- 
tion rate. Benzoic acid at a concentration of 6 mM had very little effect on 
this increase. It may be mentioned that this inhibitor concentration markedly 
affects growth of the cells and completely stops certain metabolic processes 
such as the oxidation of acetate. 


Influence of casein hydrolysate on the growth inhibiting effect of benzoic, 
salicylic and sorbic acids 


In these experiments it was ascertained which concentrations of benzoic, 
salicylic and sorbic acids were necessary to prevent growth of P. vulgaris in 
the basal medium with and without casein hydrolysate. The results varied 
with several factors, such as the amount and the pre-history of the inocula- 
tion material and the duration of the experiment. The standard conditions 
chosen on the basis of preliminary experiments are described above. 

Table 1 summarizes the results obtained at three different pH values. The 
figures recorded are mean values of 2—5 experiments. The table shows that 


Table 1. Influence of casein hydrolysate on the growth inhibiting effect of benzoic, salicylic 
and sorbic acids on P. vulgaris. 


Casein Bacteriostatic concentration Calculated concentration of 
Inhibitor hydrolysate (mM) at pH undissociated acid (mM) at pH 
2 gil. TT 
6.0 7.5 5.2 6.0 1,508) 
Benzoic acid — — 0.90 — — 0.014 — 
a 0.60 4.5 90 0.060 0.070 0.050 
Salicylic acid — — 0.040 — — 0.000040 = | 
-H 0.090 0.90 | 20 0.00060 | 0.00090 0.00060 
Sorbie acid a — 2.5 — — 0.14 = | 
oe o 3.5 = — [019 N. 
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salicylic acid was approximately 20 times more effective as a growth inhi- 
bitor in the basal medium than in the basal medium + casein hydrolysate. The 
corresponding factor for benzoic acid was 5. A marked antagonistic effect 
was obtained with casein hydrolysate at a concentration as low as 5 mg./l. An 
equimolecular mixture of all known amino acids had about the same effect 
as casein hydrolysate in reversing the growth inhibition by benzoic or sali- 
cylic acid. It was therefore unlikely that the antagonistic effect of casein 
hydrolysate was caused by substances other than amino acids. It may also be 
observed from Table 1 that the effect of benzoic and salicylic acids at dif- 
ferent pH was directly proportional to the concentration of undissociated 
acid. In the experiments with sorbic acid there was no significant effect of 
casein hydrolysate on the inhibition of growth. 


Influence of individual amino acids on the effect of benzoic acid 


Growth experiments on solid substrate. As mentioned above, two different 
procedures were employed in these studies (Figure 1). According to current 
theories, the relation between the amount of inhibitor on the paper disk (a) 
and the diameter of the inhibition zone (x) should be log a=k-x?+ const. 
in experiments with procedure A. Preliminary studies showed that this rela- 
tion was obtained on plates containing the basal substrate without additions. 
Less consistent results were obtained in the presence of amino acids. How- 
ever, the inhibition zones were generally somewhat smaller in such experi- 
ments, especially when the basal substrate was supplemented with cysteine 
or methionine. In all the studies with benzoic acid the inhibition zones were 
quite clear and easily measured. Experiments with sorbic acid gave equally 
distinct zones of similar size at approximately the same inhibitor concentra- 
tions. Salicylic acid was effective at considerably lower concentrations, but 
the zones obtained were always more diffuse. 

Owing to difficulties in reproducing the results in this type of experiment, 
the reverse procedure was tried, i.e. with benzoic acid in the substrate and 
amino acids on the paper disks. In most experiments the concentration of 
benzoic acid employed was 1—3 mM. At these inhibitor concentrations growth 
was very weak in the absence of amino acids. Out of 10 amino acids exam- 
ined by this method, only glutamic acid, cysteine and methionine reversed 
the inhibition caused by benzoic acid. Glycine, alanine, phenylalanine, aspar- 
tic acid, tyrosine, histidine and tryptophan had no growth promoting effect 
at the inhibitor concentrations investigated. As shown in Figure 3A and B 
which illustrate a typical experiment, methionine gave the largest growth 
zones. The appearance of the zones surrounding the paper disks with cysteine 
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Figure 3A and B. Effect of methionine, cysteine, glutamic acid, glutathione and thiogly- 

collic acid on growth of P. vulgaris in the basal substrate containing 1.5 mM benzoic acid. 

The experiment was performed according to procedure B. Al—A6, paper disks with methio- 

nine; BI—B6, cysteine; C1—C5, glutamic acid; D1—D5, glutathione; E1—E5, thioglycollic 

acid. The disks were impregnated with solutions of the following concentrations: Those 

denoted with number 1, 0.2 mM; number 2, 2 mM; number 3, 8 mM; number 4, 20 mM; 
number 5, 40 mM and number 6, 160 mM. 


varied considerably with the concentration of the amino acid. High concentra- 
tions often gave an inner zone of inhibition surrounded by one or sometimes 
two different growth zones (B 5 and B6 in Figure 3 A). Glutamic acid usually 
gave small but very distinct growth zones. In order to investigate the effect 
of SH groups the influence of glutathione and thioglycollic acid was also 
studied in this experiment. As is apparent from Figure 3B, glutathione but 
not thioglycollic acid had a marked growth promoting effect. When the 
experimental series shown in Figure 3 was carried out with varying concen- 
trations of benzoic acid in the medium, the size of the growth zones increased 
with increasing inhibitor concentrations. At the same time they became more 
diffuse. The most probable explanation for these observations is that at high 
concentrations of benzoic acid there is a certain lag phase before growth 
starts, which allows the amino acids to diffuse further from the paper disk. 

It should be emphasized that growth was stimulated by glutamic acid, 
cysteine and methionine, even on media not containing benzoic acid. In these 
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Table 2. The effect of individual amino acids on the bacteriostatic effect of benzoic acid 
in growth experiments with P. vulgaris. 
et un u Br a ee EST a 


Basal medium Bacteriostatic con- 
centration of ben- 
amino acid (8 mM) zoic acid, mM 
ae 0.8 I, 1.0 I 
methionine ............ 2.5 — 3.0 
CySteme error 3.0 — 4.0 
glutamic acid ......... 2.0 — 2.5 
PIV GID GR nen: 0.8 — 1.0 
phenylalanine ......... U == 0) 
aspartic acid ......... 0.8 — 1.0 
RY ROSIN re ch 0.8 — 1.0 
MIStIGING wre eee eee. 0.8 — 1.0 


experiments, however, growth was abundant over the whole plate making it 
difficult to define the zones of increased growth around the disks with 
amino acids. 

Growth experiments in liquid media. The studies described above ‘indicate 
that of the amino acids tested, only glutamic acid, cysteine and methionine 
have any influence on the growth inhibiting effect of benzoic acid. These 
results were largely confirmed by experiments in liquid media. It could be 
shown that these three amino acids, and to some degree even leucine, reversed 
the bacteriostatic action of benzoic acid over a 2—-4 fold concentration range, 
while glycine, aspartic acid, lysine, valine, phenylalanine, tyrosine and histi- 
dine were without effect. Table 2 shows an experiment with some of these 
amino acids. The figures given are typical, except for glutamic acid, which 
usually was more effective in reversing the bacteriostatic effect than methio- 
nine and cysteine. In Figure 4A, B and C the growth of P. vulgaris in the 
basal medium supplemented with various additions and in presence of diffe- 
rent inhibitor concentrations is shown. It should be observed that cysteine, 
glutathione, thioglycollic acid and a-ketoglutaric acid at the concentrations 
employed (2 mM) markedly retarded growth in absence of inhibitor. Neverthe- 
less cysteine, and to a lesser degree even glutathione and thioglycollic acid, 
reversed the bacteriostatic effect of benzoic acid. The importance of follow- 
ing the growth for a period of several days, which was stressed above, is 


obvious from this experiment. 


The effect of benzoic acid under anaerobic conditions 


Since some of the results described above seemed to indicate that the effect 
of benzoic acid was antagonized by a rich supply of SH groups some addi- 
tional experiments with P. vulgaris were performed under anaerobic condi- 
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GLUTAMIC 


ACID 


ACID 


NUMBER OF BACTERIA/ml 


WITH 30mM BENZOIC ACID 


10-108 


5108 


NUMBER OF BACTERIA/mI 
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Figure +A, B and C. Ef- 
fect of certain amino acids 
and related substances on 
the growth inhibiting ac- 
tion of benzoic acid in 
liquid medium. Additions: 


®-® glutamic acid+ 
methionine, 

A—A glutamic acid, 

LYO cysteine, 

O—O methionine, 

@— glutathione, 

A-A thioglycollic acid, 

O—O a-ketoglutaric acid, 

X—X no additions. 


All substances were added 


ETOGLUTARIC to give a final concentra- 


ACID 


tion of 2 mM. 
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Table 3. The effect of individual amino acids on the bacteriostatic effect of benzoic acid 
under aerobic and anaerobic conditions. 
pre PS a ee I i 


Basal medium Bacteriostatic concentration 

a of benzoic acid, mM 
amino acid or casein Aerobic Anaerobic 

hydrolysate conditions conditions 
glutamic acid .........-..:: 4— 6 | 4—6 
methionines era 3 4 2—3 
ÉCONOMISTE A 8 1—2 
casein hydrolysate ......... 8— 10 6—8 
— 1— 2 1—2 


tions. A typical one is shown in Table 3. It is evident that benzoic acid is 
equally effective under anaerobic as under aerobic conditions and it is also 
clear that the antagonistic effect of glutamic acid, cysteine and methionine 
is about the same in both cases. 


Discussion 


It is evident from Table 1 that addition of casein hydrolysate to a medium 
containing ammonium ions as the sole source of nitrogen can reverse the bac- 
teriostatic effect of benzoic acid over a 5-fold concentration range and that 
of salicylic acid over a 20-fold. The latter result is in agreement with Iväno- 
vics’ (1942} previously mentioned investigation. Even if similar effects can 
be demonstrated with other inhibitors, it is certainly not a regular pheno- 
menon in studies of this kind. It should be pointed out once more that the 
effect of sorbic acid is not influenced by casein hydrolysate (Table 1). 

The main purpose of this work was to investigate whether the antagonistic 
effect of casein hydrolysate on benzoic acid could be traced to one or a few 
special amino acids. In this respect identical results were obtained with the 
paper disk method and the growth experiments in liquid media; both methods 
proved glutamic acid, cysteine and methionine to be most effective. How- 
ever, not even wherr present simultaneously, were these three amino acids as 
effectiye as casein hydrolysate in reversing the bacteriostatic effect of ben- 
zoic acid. 

As pointed out above, interpretation of growth experiments of the present 
kind is far from simple, and the results described here do not allow any far- 
reaching conclusions concerning the mode of action of benzoic acid. Some 
remarks may: however, be justified. 
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Both benzoic and salicylic acids have been reported specifically to inhibit 
assimilation of ammonium ions (Bernheim and DeTurk 1951, Bosund 1959). 
If such an inhibition is the primary cause of the bacteriostatic effect of ben- 
zoic acid in a medium without amino acids, it is not surprising that glutamic 
acid should be an effective reversing agent. The central position of this amino 
acid in ammonium assimilation and transamination reactions has been 
proved in many investigations. It is of interest in this connection that a-keto- 
glutaric acid has no influence on the growth inhibiting effect of benzoic acid, 
as shown in Figure 4. 


Owing to its SH group, cysteine is antagonistic to many kinds of inhibition. 
In this work some small effects were also noted with other substances con- 
taining this group, i.e. glutathione and thioglycollic acid. It should, however, 
be noticed that benzoic acid was equally effective under aerobic and an- 
aerobic conditions (Table 3). 


No valid conclusion can be made concerning the antagonistic effect of 
methionine without further experiments. It may be pointed out, however, 
that according to the work of Ivänovics this amino acid seems to be specifi- 
cally involved even in counteracting the growth inhibiting effect of sali- 
cylic acid. 


Summary 


The ability of amino acids and certain related substances to reverse the 
bacteriostatic effect of benzoic acid on Proteus vulgaris was investigated. 
The growth experiments were performed with agar substrates according to 
a paper disk method similar to that used with antibiotics as well as with 
liquid media. 


It was shown that glutamic acid, cysteine and methionine were the only 
amino acids with significant amdagonistic effect. Identical results were ob- 
tained with both methods and under aerobic as well as anaerobic conditions. 


This work was supported by grants from the Swedish Natural Science Research 
Council to one of us (I. Bosund), which is gratefully acknowledged. 
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Introduction 


Previously in this series of investigations it was found that the oxidation 
of various substrates by resting cells sometimes tends to proceed to comple- 
tion in the presence of benzoic or salicylic acids. Such an increased substrate 
breakdown, which must obviously be accompanied by a corresponding de- 
crease in assimilation, is often induced by substances impairing the energy 
metabolism of the cell. In recent years increasing attention has been given to 
such effects of salicylic acid in man and animals (this work has been reviewed 
by Smith 1959). 

In part II of this series (Bosund 1960 a) the influence of benzoic acid on 
the oxidation of acetate was studied in experiments with acetate grown cells 
of Proteus vulgaris. It was found that a large amount of methyl carbon, 
which otherwise accumulated in the medium, was oxidized to CO; in the pre- 
sence of benzoic acid, and thus explained part of the increased substrate 
breakdown. 

In the present work these observations were investigated further in experi- 
ments with Pseudomonas fluorescens. This organism grows more readily 
than P. vulgaris with acetate as the sole source of carbon, and its synthesis 
of cell constituents in such a medium has been extensively investigated in 
recent years (see e.g. a review by Kornberg 1959). In view hereof and since 
the oxidation of acetate by Ps. fluorescens also tends to proceed to comple- 
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tion in the presence of appropriate concentrations of benzoic acid (Bosund 
1960 b) this bacterium was chosen as a test organism instead of P. vulgaris. 

The experiments were generally carried out with methyl labelled acetate, 
and electrophoretic, chromatographic as well as radioautographic techniques 
were used to study the substances accumulated in the medium in the presence 
and absence of benzoic acid. 

In the course of the investigation it was realized that the oxidation of suc- 
cinale was much more sensitive to benzoic acid than the oxidation of acetate 
in experiments with acetate grown cells of Ps. fluorescens. This observation 
was investigated somewhat further in ordinary respiration experiments, since 
it appeared irreconciliable with the findings made in previous studies with 
P. vulgaris. 


Material and Methods 


Organism. The strain of Ps. fluorescens used (NCTC 950) was obtained from the 
National Collection of Type Cultures, London. 

Growth conditions and preparation of cell suspension. As previously (Bosund 
1960 b) the cultures were grown on acetate agar. The cells were harvested by wash- 
ing off the colonies from the agar surface with 1/60 M phosphate buffer of the 
experimental pH. The resulting cell suspension was centrifuged and the cells were 
washed twice in the same buffer. 

Respiration studies. The procedure was essentially the same as before. In the iso- 
tope experiments the additions to each Warburg vessel was generally: 2.0 ml. cell 
suspension (containing about 0.5 mg. dry wt. of cells/ml.), 0.10 ml. methyl or car- 
boxyl labelled sodium acetate solution and 0.10 ml. benzoate solution (adjusted to the 
experimental pH). The oxygen consumption was stopped at various times either by 
addition of 0.2 ml. 5 N HsSO, or when chromatographic procedures were to be 
employed by rapid chilling of the cell suspension to 0°C. After removal of the cells 
by centrifugation, the medium was analyzed for accumulated intermediates in the 
way described in the following sections. 

Determination of keto acids. These studies were carried out with unlabelled sub- 
strate. Generally, in order to secure more material to work with, the respiration 
experiments were run in triplicate. The three identical vessels of each kind were 
pooled after termination of oxygen consumption by addition of 0.2 ml. 5 N H3S0, 
to each vessel, giving a total volume of 7.2 ml. to the pooled samples. After removal 
of the cells by centrifugation, 1.5 ml. of 0.1 °/o 2,4-dinitrophenylhydrazine solution 
in 2 N HCI was added to each sample. The mixture was allowed to react for 30 min. 
at room temperature, after which the hydrazones formed were extracted with 3 ml. 
ether. From this solvent the acidic hydrazones were extracted with 2X3 ml. of 
15 °/o sodium carbonate solution. Finally, the combined carbonate extracts were 
acidified by dropwise addition of cold conc. HCl and the hydrazones again extracted 
with 3 ml. ether. The ether phase was dried over anhydrous sodium sulfate and the 
solvent evaporated, after which the hydrazones were separated by electrophoresis in 
0.1 M barbital buffer (pH 8.8). As a rule, the separation was complete after 2—3 
hours at 350 V and 10 mA. The equipment used was obtained from LKB, Stock- 
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holm, Sweden. The hydrazone spots were cut out of the paper, eluted with 15 °/o 
sodium carbonate solution and examined spectrophotometrically after addition of 
NaOH. Finally the keto acid content of the solution was estimated from standard 
curves. 

Examination of other intermediates by radioautography. In these experiments the 
oxygen consumption was terminated by chilling the cell suspension to 0°C. As in the 
procedure described above, the respiration experiments were run in triplicate with 
povling of the contents of the three identical vessels before centrifugation to remove 
the cells. To the cell free, pooled samples was then added 1.0 ml. saturated Ba(OH)s 
solution to precipitate the phosphate ions, which would otherwise interfere with the 
chromatographic separation of the intermediates. After centrifugation the supernatant 
was loaded on a Dowex-50 column (in the H* form) to remove remaining cations, 
particularly Ba**. The fraction which passed the column was evaporated to dryness 
over night by freeze-drying. The dried sample was dissolved in a minimum amount 
of distilled water and applied quantitatively to a Whatman no. 1 filter paper. The 
chromatogram was run for 20 hours in a sec-butyl alcohol-formic acid-water 
(70 : 10 : 20) solvent. It was afterwards dried in air and completely freed of formic 
acid in a flow of steam. Radioautographs were prepared by placing an X-ray film 
in contact with the chromatogram for 2 to 4 days. The amounts of radioactivity in 
the labelled compounds separated on the chromatograms were determined by direct 
counting in a Geiger-Miiller counter after cutting out the radioactive areas from the 
paper. Attempts were made to identify the labelled compounds by adding large 
amounts of various TCA cycle intermediates to the samples. These non-radioactive 
compounds were visualized by spraying the chromatograms with a solution of bromo- 
phenol blue and their positions were compared with those of the radioactive areas 
of the same chromatograms. 

Reagents. Standard samples of the 2,4-dinitrophenylhydrazones of pyruvic and 
a-ketoglutaric acids were prepared from 2,4-dinitrophenylhydrazine and commercial 
preparations of the two acids. The absorption spectra of the hydrazones in 0.75 N 
NaOH were identical with those reported in the literature. Samples of sodium acetate- 
1-C!4 and sodium acetate-2-C!4 were supplied by The Radiochemical Centre, Amers- 
ham, England. Other reagents were commercial preparations. 


Results 
Effect of benzoic acid on the synthesis of intermediates from acetate 


As mentioned in the introduction, it has been clearly demonstrated pre- 
viously in this series of investigations that benzoic acid increases the propor- 
tion of carbon transformed to CO: during acetate oxidation by resting cells 
of P. vulgaris and Ps. fluorescens. Since the respiration studies with Ps. fluor- 
escens were performed only with unlabelled substrates, no information was 
obtained with this organism about the different roles of methyl and carboxyl 
carbon. The relative proportions of these groups in different fractions after 
oxidation of a certain amount of acetate was now studied in experiments with 
Ps. fluorescens similar to those already reported with P. vulgaris (Bosund 
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Table 1. Effect of benzoic acid on the radioactivity of COs, medium and cells after oxida- 
tion of methyl and carboxyl labelled acetate by Pseudomonas fluorescens. 


ee 
Distribution of radioactivity in per cent of the amount added 


Frattion without inhibitor with 2 mM benzoate | with 4 mM benzoate 
methyl carboxyl methyl carboxyl methyl carboxyl 
carbon carbon | carbon carbon carbon carbon 

Respiratory CO, 66 90 87 97 96 101 
Medium... ......... 15 6 6 4 2 2 
GE er 12 4 5 2 3 1 
Recovery, % ...... 93 100 98 103 101 104 


Mole CO, formed 
per mole acetate 
(calculated from 
the figures above) 1.56 1.84 1.97 


Mole CO, formed 
per mole acetate 
(directly measu- 
rs RE ce 1.50 1.80 1.96 


1960 a). A typical result of such an experiment is shown in Table 1. Firstly, 
it should be observed that there is fair agreement between the values of CO: 
production obtained from manometric measurements and those calculated 
from isotope data. Furthermore, the total amount of radioactivity recovered 
in cells, medium and CO», is in close correspondence with the amount added. 
Secondly, it is obvious that benzoic acid in sufficiently high concentration 
brings about a complete conversion of all acetate added into CO». In the ab- 
sence of inhibitor, the acetate carbon assimilated by the cells and that accum- 
ulated in the medium originates principally from the methyl group, as in 
the experiments with P. vulgaris. Benzoic acid seems to reduce the size of 
these fractions to about the same extent. In the following sections the variety 
of substances formed in the medium in the presence and absence of benzoic 
acid is studied in some detail. 

Formation of keto acids. Firstly, some preliminary experiments. were made 
in which the colour obtained by adding 2,4-dinitrophenylhydrazine to the 
cell-free medium was studied spectrophotometrically without previous separa- 
tion of the components. It was obvious already from this examination that 
the total amount of keto acids formed in the medium during the oxidation 
of acetate was small, and that such substances could account for only a min- 
ute part of the accumulated acetate carbon. Electrophoretic separation of the 
components in the way described above revealed only two spots migrating 
at the same speeds as authentic samples of the 2,4-dinitrophenylhydrazones 
of a-ketoglutaric and pyruvic acids. Elution of the spots and spectrophoto- 
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metric examination of the colour confirmed the identity. The amount of 
a-ketoglutaric acid in the medium increased only during the first part of the 
oxidation, after which it became constant or decreased somewhat; the amount 
of pyruvic acid generally increased slowly during the whole period. At the 
end of the oxidation (e.g. when the rate of oxygen consumption had decreased 
to that of the endogenous respiration) the amounts of the two keto acids pre- 
sent in the medium were largely equal. The total amount of carbon accounted 
for by these acids did not exceed 5 °/o of the amount present in the medium 
at that time. At low concentrations benzoic acid had no demonstrable influ- 
ence on the formation of a-ketoglutaric and pyruvic acids; at higher concen- 
trations (approaching those at which the extent of the acetate breakdown was 
increased) the formation was somewhat inhibited. 

Formation of other intermediates. This part of the work was carried out 
in three main steps: a procedure for studying the radioactive substances in 
the medium was selected giving radioautographs with as many clearly sep- 
arated spots as possible, the effect of benzoic acid on the relative intensity 
of these spots was investigated, and attempts were made to identify the sub- 
stances with known compounds. 


Figure 1. Radioautograph showing the influence of benzoic 
acid on the formation of intermediates from acetate by Ps. 
fluorescens in presence and absence of ammonium ions. 
To each Warburg vessel containing washed cells suspended 
in phosphate buffer of pH 6.0 was added 10 umoles sodium 
acetate-2-C!4 and the following further additions: I, —; II, 
benzoic acid to a final concentration of 6 mM; III: 10 umoles 
of ammonium chloride; IV, 10 umoles of ammonium chloride 
and benzoic acid to a final concentration of 6 mM. The oxy- 
gen consumption was terminated when its rate had decreased 
to that of the endogenous respiration. Without inhibitor 1.55 
moles cf oxygen was taken up per mole of acetate, in pre- 
sence of benzoic acid the corresponding figure was 1.80. The 
ammonium ions had no significant influence on these values. 
The isolation of the compounds in the medium and the pre- 
paration of the radioautograph is described in the text.' 
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Figure 2. An attempt to identify 
the compounds formed from ace- 
tate with certain TCA cycle inter- 
mediates. In the left part of the 
figure a radioautograph of the 
chromatogram from an experi- 
ment similar to that in Figure 1: 
I and II is reproduced. The right 
part shows the same chromato- 
gram after spraying with bromo- 
phenol blue. The four spots are 
from above: fumaric, succinic, 
a-ketoglutaric and malic acids. 
These compounds were added to 
the medium after the experiment. 


Since the intermediates of primary interest in this investigation were sup- 
posed to be related to the TCA cycle the procedure employed was chosen 
with regard to the isolation and separation of such substances. For this 
reason only the fraction passing the Dowex-50 column was studied. Sec- 
butyl alcohol — formic acid — water proved to be the best mobile. phase for 
the chromatographic separation of the substances in this fraction, although a 
certain amount of the radioactive material remained at the starting point in 
this solvent. This was avoided by using (NH4)2CO3 saturated methanol — 
water (3:1) but in this case the separation obtained was unsatisfactory. 
Separation by electrophoresis was also tried but even with this method an 
appreciable amount of material remained at the starting line. The procedure 
finally adopted is described above. Typical radioautographs obtained with 
this method are shown in Figure 1 and Figure 2. Generally 8—10 different 
spots could be detected on the X-ray films, though not all of them are clearly 
reproduced in the figures. 

The appearance of the radioautographs was always influenced in the same 
way by benzoic acid when the inhibitor was present at concentrations which 
decreased the accumulation of acetate carbon in the medium. In such experi- 
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ments two compounds at the top of the chromatograms were present in in- 
creased amounts, as shown by direct counting, while the radioactivity of all 
other spots was decreased by the inhibitor (Figure 1: I and II). In order to get 
some information concerning the effect of benzoic acid on the assimilation of 
ammonium ions, the experiment shown in Figure 1 was performed both with 
and without these ions in the medium. It was hoped that the presence of 
ammonium ions during the oxidation of acetate would alter the pattern of 
the spots on the radioautographs in a characteristic way and that the effect 
of benzoic acid on this alteration could be studied. As shown by comparing 
I and III in Figure 1, however, ihere was no significant difference between 
the radioautographs obtained in the absence and presence of ammonium ions. 
Since any amino acids formed in the latter case would be retained by the 
Dowex-50 column in the procedure employed, the column was washed with 
6 N HCl in these experiments to remove such substances, but only relatively 
small amounts of radioactivity could be detected in the eluate. The total 
amount of radioactivity recovered in the spots shown in Figure 1:1 and III 
was approximately one fourth of that accumulated in the medium. 

As mentioned above, attempts were made to identify some of the substances 
on the chromatograms with known compounds. One of these experiments is 
shown in Figure 2. Succinic, fumaric, malic, and a-ketoglutaric acids were 
added to the freeze-dried medium in sufficient amounts to be detected on 
spraying of the chromatogram with an acid-base indicator. The positions of 
the acids added and of the labelled compounds formed from acetate are 
shown in the figure. It is evident that succinic acid is the only one of the 
compounds tested, that was present in the medium in sufficient amounts to 
be detected in the radioautograph. This was confirmed by other experiments. 
Negative results were obtained also with pyruvic and citric acids. Since 
pyruvic and a-ketoglutaric acids were shown above to be present in the 
medium in small amounts, the failure to detect these substances on the radio- 
autographs is probably due to their instability at alkaline pH-values. 


Effect of benzoic acid on the formation of adaptive enzymes 


During the work with acetate grown cells of Ps. fluorescens reported above, 
it was observed that the oxidation of succinate was much more sensitive to 
benzoic acid than the oxidation of acetate. It was also noticed (in accordance 
with results reported previously by Kogut and Podoski 1953 and others), 
that the cells had no initial ability to attack succinate or other TCA cycle 
intermediates, while acetate was oxidized without any lag. The appearance 
of a lag phase prior to the oxidation of succinate in these experiments indi- 
Physiol. Plant., 13, 1960 


BACTERIOSTATIC ACTION VII 819 


mm3 Oo 
NG cl 
\s ao 
aD o——° 
N 
+00 & 
Figure 3. The effect of benzoic 67 
acid on the adaptation to succi- SSL 
nate by acetate grown cells of 300 KAS 


Ps. fluorescens. Additions of sub- 
strate and inhibitor were as 
indicated in the figure. The final 200 
concentration of benzoate was in 

all cases 2 mM, the amounts of 
acetate and succinate added was 

5 umoles except during the pre- 100 
incubation with succinate (X—X) a 
where only 2 umoles were added. EUCCINATE* BENZOATE 
Final volume 2.3 ml., temp. 25°C. 5 br 


—0— 


50 100 150 200 MIN 


cates that some sort of adaptation must occur before this substrate can be 
metabolized by acetate grown cells. Since the oxidation of succinate pre- 
viously in this work has proved io be rather resistant to benzoic acid, it was 
tempting to assume that the sensitivity in the present case was due to an 
effect of the inhibitor not on the succinate oxidation itself but on the forma- 
tion of enzymes necessary for the adaptation to this substrate. To study this 
possibility, a series of experiments were performed. One of them is shown in 
Figure 3. It is evident that 2 mM benzoic acid completely prevented the adap- 
tation to succinate, but was without influence on the oxidation of acetate or 
the oxidation of succinate if the cells were previously adapted to this sub- 
strate. Similar results were obtained with fumarate. It was shown in addi- 
tional experiments that washed cells, by adaptation to succinate as in Fig- 
ure 3, also acquired the ability to oxidize fumarate and malate without any lag. 

Corresponding experiments with salicylic acid showed that this inhibitor 
acted in the same way as benzoic acid. On a molar basis salicylic acid was 
about twice as effective. 


Discussion 


The inhibiting effect of benzoic acid on two complex processes in resting 
cells of Ps. fluorescens, e.g. the utilization of acetate for synthesis of meta- 
bolic intermediates and the formation of adaptive enzymes, is described 
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above. These processes, though otherwise entirely different, resemble one 
another in biosynthetic nature and both have previously been shown to be 
inhibited by substances known to affect the energy metabolism of the cell, 
such as 2,4-dinitrophenol and azide. The present results place benzoic acid, 
at least in this respect, in the same category of inhibitors. In the experiments 
reported the effect of benzoic acid on the assimilation of acetate was gen- 
erally evident at a concentration of 3 mM, whereas the formation of adaptive 
enzymes v’as noticeably suppressed at 1 mM. Approximately the same con- 
centrations of benzoic acid were required to decrease the growth rate of 
the cells. 

In the acetate experiments the first question to be answered was whether 
the radioactivity found in the medium could be accounted for by one or two 
major compounds or whether it was distributed among a wide variety of 
substances. The radioautographs shown in Figure 1 and Figure 2 point to 
the latter alternative. Since the radioactivity recovered, however, was only 
about one fourth of that added, there is still a possibility that some major 
compound was overlooked. The most probable reasons for the poor recovery 
were, apart from the difficulties in working quantitatively with the small 
volumes involved, losses in radioactivity with volatile compounds (e.g. re- 
maining acetate) and with compounds retained by the Dowex-50 column or 
lost with the barium precipitation. It is, however, not likely that any con- 
siderable amounts of substances related to the TCA cycle were lost in the 
procedure. It is evident from Figure 2 and other experiments that succinate 
is the only TCA cycle intermediate tested that could be demonstrated in the 
medium. In this connection it may be pointed out that the overall reaction of 
the glyoxylate cycle, recently shown (Kornberg and Krebs 1957) to operate 
in acetate grown Ps. fluorescens is the formation of one molecule of succinate 
from two molecules of acetate. Though no other compound was identified, 
the effect of benzoic acid on the radioautographs is interesting. It is evident 
that the accumulation of some compounds was nearly completely prevented, 
while at least two could be shown to appear in larger amounts at inhibitor 
concentrations which increased the amount of acetate carbon oxidized to CO». 

The nature of the adaptive lag preceding the oxidation of certain substrates 
by intact cells is not properly understood. In the case of Ps. fluorescens, how- 
ever, it has been shown (Kogut and Podoski 1953 and Barrett and Kallio 
1953) that the adaptation to TCA cycle intermediates is primarily concerned 
with making the substrates accessible to the requisite enzyme systems which 
are present even in unadapted cells. Nothing can be said on basis of the 
described experiments about the mechanism by which benzoic acid blocks 
this process besides pointing out the resemblance in its action with inhibitors 
affecting the energy metabolism. It must be stressed, however, that adaptive 
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enzyme formation can be prevented even by other substances such as 
chloramphenicol and physical treatment e.g. supra-optimal temperatures and 
ultraviolet irradiation. 


Summary 


In isotope experiments with resting cells of acetate grown Pseudomonas 
fluorescens the formation of a variety of different compounds from methyl 
labelled acetate could be demonstrated in the medium by radioautographic 
and other methods. Only pyruvic, a-ketoglutaric and succinic acids were 
identified. It was shown that benzoic acid at intermediate concentrations 
influenced the formation of the compounds in a selective way. At higher 
concentrations the accumulation of intermediates was completely prevented. 

In respiration experiments with similar cells it was shown that benzoic and 
salicylic acids completely blocked the adaptation to succinate at concentra- 
tions at which the acids had no influence on the oxidation of acetate or on 
the oxidation of succinate by cells previously adapted to this substrate. 

The effects studied occurred at inhibitor concentrations which also retarded 
the growth rate of the cells. 


This work is part of an investigation supported by the Swedish Natural Science 
Research Council. 


References 


Barrett, J. T. & Kallio, R. E.: Terminal respiration in Pseudomonas fluorescens: Compo- 
nent enzymes of the tricarboxylic acid cycle. — J. Bact. 66:517. 1953. 

Bosund, I.: The bacteriostatic action of benzoic and salicylic acids. II The effect on acetate 
metabolism. — Acta Chem. Scand. 14:111. 1960 a. 

— The bacteriostatic action of benzoic and salicylic acids. III The effect on pyruvate and 
acetate oxidation by different organisms. — Acta Chem. Scand. 14: 1231. 1960 b. 

Kogut, M. & Podoski, E. P.: Oxidative pathways in a fluorescent Pseudomonas. — Bio- 
chem. J. 55: 800. 1953. 

Kornberg, H. L.: Synthesis of cell constituents from acetate via the glyoxylate cycle. — 
Proceedings of the Fourth International Congress of Biochemistry, Vienna 13: 251. 
Pergamon Press 1959. 

Kornberg, H. L. & Krebs, H. A.: Synthesis of cell constituents from C-units by a modified 
tricarboxylic acid cycle. — Nature 179: 988. 1957. 

Smith, M. J. H.: Salicylates and metabolism. — J. Pharm. Pharmacol. 11: 705. 1959. 


Physiol. Plant., 13, 1960 


PHYSIOLOGIA PLANTARUM, VOL. 13. 1960 


Effects of Temperature and Shifts in Temperature on the 
Respiration of Intact Root Systems 


By 


GUSTAV JENSEN 


Laboratory of Plant Physiology, 
Royal Veterinary and Agricultural College, 
Kobenhavn, Danmark 
(Received September 7, 1960) 


Observations concerning the effects of temperature on the respiration in 
plants have been recorded since the latter half of the nineteenth century. 
Among the first authors working on the problem were Dehérain and Moissan 
(1874). Today the literature comprises a large number of studies on respira- 


tion of either whole plants (usually small ones) or of individual plant organs 
such as leaves or roots. 


In studies concerning the respiration of plant organs it is generally assumed 
that the rate of respiration is identical in cut and in intact plant parts, and 
hence the more easily handled severed organs are chosen as subjects for 
measurements. Studies concerning the respiration of intact plant parts are 
relatively few, and we have particularly failed to find any references dealing 
specifically with the effects of temperature on the respiration of intact root 
systems. It was only found that Schmucki touched on the subject in a recent 
paper (1949). 

The present paper reports results of experiments in which an attempt was 
made to determine the temperature curve for respiration in intact roots of 
tomato and corn plants. The experiments were designed also to examine the 
effects of shifts in temperature on the rate of respiration, i.e., arranged in 
such a way that it became possible to estimate whether or not the results 
were influenced by after-effects from temperature conditions to which the 
roots had been subjected immediately prior to the measurements. 

Physiol. Plant., 13, 1960 
[822] 


RESPIRATION OF INTACT ROOT SYSTEMS 823 


Table 1. Temperature sequences in the experiments. 
m i a u Sr u Be a  t 


Plant No. Examined by °C Plant No. Examined by °C 
1 5 — 10 — 15 2 15—10— 5 
3 10 — 15 — 20 4 20 — 15 — 10 
5 15 — 20 — 25 6 25 — 20 — 15 
7 20 — 25 — 30 8 30 — 25 — 20 
9 25 — 30 — 35 10 35 — 30 — 25 


Material and Methods 


The plant material was cultivated as described previously (Jensen 1957). The 
sample plants used were 4 to 6 weeks old water culture specimens of corn (Delika- 
tesse) and of tomato (Dansk export). 

The respiration measurements were made in the dark in a nutrient solution which 
was being passed (circulated) past intact roots according to a method described in a 
previous paper (The tonometer method, Jensen 1957). The shoots of the sample 
plant were kept at approximately 20°C in a light intensity of about 1000 lux. The 
uptake of oxygen and the evolution of carbon dioxide were as far as possible deter- 
mined simultaneously. The determinations were made during a period when due to 
a lack of appropriate apparatus, it was impossible to determine the pH of the nutrient 
solution with an accuracy of less than +0.015 and when, furthermore, it was impos- 
sible to determine the pH simultaneously with determinations of the (free) carbon 
dioxide dissolved in the nutrient solution. The pH determinations necessary for cal- 
culations of the total amount of carbon dioxide liberated from the roots were made 
immediately prior to and immediately after series of 6 determinations of the free 
carbon dioxide and of the oxygen in the nutrient solution. 

The temperatures studied range from 5 to 35°C. Within this range the respiration 
was determined at 7 different temperatures at 5 degree intervals. Each experimental 
temperature was kept constant within a maximum variation of +0.1°. Table 1 shows 
that for each experimental plant the respiration was determined at 3 different tem- 
peratures. At each temperature the results are given as the mean value of 6 determina- 
tions of oxygen uptake and 6 determinations of the liberated carbon dioxide, made 
and corrected as described. Each experiment lasted from 60 to 70 minutes, and the 
three experiments made with each plant were made in as rapid a succession as pos- 
sible; i.e., at intervals of approximately 40 minutes, during which the temperature 
was changed to the next one desired. The effect of the shift in temperature was 
studied by using increasing as well as decreasing temperatures in the experimental 
series. 


Results 


a) The temperature curves for root respiration in tomato and in corn are 
given in Figures 1 and 2, the ordinates being the amount of carbon dioxide 
released and the uptake of oxygen (ml./g. freshweight hour), respectively. 
In these figures the respiratory rates determined for one plant only are con- 
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Où 10° 20° 30° a; 10° 20° 302 
Figure 1. Respiration measurements (carbon dioxide liberation) with intact roots. R, rate 
of respiration in ml. COz2/g. fresh weight - hour. Solid line curves, experiments with one and 
the same plant at 3 different temperatures, the lowest first, the highest last. Dashed curves 
represent similar experiments, with reversed temperature sequence. 


nected by straight lines. The solid lines represent experimental series of in- 
creasing temperatures, whereas broken lines indicate decreasing temperature 
sequences. | 

The figures show that at a definite temperature the rate of respiration was 
affected by the fact that the immediately preceding temperature was higher 
or lower than the present experimental one. The degree of this after-effect 
varies with the location within the range of experimental temperatures, the 
greater effect being obtained at the more extreme temperatures. Also, it 
appears that at the same temperatures the effect is greater in the case of car- 
bon dioxide evolution than in that of oxygen uptake. 

b) The temperature coefficient, Qio, was computed and presented graphi- 
cally in Figures 3 and 4 for, respectively, the evolution of carbon dioxide 
(Qio—CO;) and the uptake of oxygen (Qio—-Oz). The solid line curves repre- 
sent the Q; values computed on the basis of experiments with a sequence of 
increasing temperatures, whereas the Qio values of experiments with a de- 
creasing temperature sequence are shown by broken line curves. The values 
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On 10° 20° 30° 0° /0° 20° 302 


Figure 2. Respiration measurements (oxygen uptake) with intact roots. R, rate of respira- 
tion in ml. O2/g. fresh weight : hour. The plots correspond set by set (one set of experiments 
comprises 3 temperature experiments with one experimental plant) to the plots in Figure 1. 
Solid line curves indicate experiments with an increasing temperature sequence, 
broken ones the reverse. 


were plotted against the mean temperature of the range covered by the coef- 
ficient, e.g., the coefficient for the range from 5 to 15° is placed at 10°. 

The figures show that the Qi) value decreases with increasing temperatures. 
This tendency is more pronounced in the case of an increasing temperature 
sequence. Also, the Q15—O2 values are seen to be more close to the dashed 


Figure 3. Computation of Q1o for CO: determinations. Solid line curves, experiments with 
increasing temperature sequence; dashed curves, experiments with decreasing temperature 
sequence. Each point cover experiments with one plant specimen. The thin broken straight 
lines represent the average slope computed according to the method of the least squares. 
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= 


0° 10° 20° 30° 

Figure 4. Computation of Qio for O2 determinations. Solid line curves represent experiments 

with increasing temperature sequence, dashed ones the reverse. The thin broken lines 
represent average slopes as in Figure 3. 


mean value line than are the Qj0--CO; ones. Both in the cases of tomato and 
of corn the slope of this line is greater for the Qi, —CO; values than for the 
Qio—Oz ones. The slopes of the Q:5—CO2 curves are nearly identical for 
tomato and corn, whereas the slope of the Qi>—O: curve for tomato slightly 
exceeds that of the corn curve. 

CO: 
— À Oz 
of gas exchange quotient, or G.Q. for short, in agreement with the arguments 
advocated by Allerup (1959). The relation between G.Q. and temperature is 
seen from Figure 5. The quotient was computed for the temperature curves 
given in Figures 1 and 2, the course of the curves having been smoothed out 
considering all plots for increasing and decreasing temperature sequences. 
The figure shows the G.Q. value to increase with temperature, the increase 
being highest in the case of corn. The G.Q. values obtained are remarkably 
high. At the present time it is not possible to interpret this fact with any cer- 
tainty, but in the following we present various assumptions which may help 
to explain the occurrence of thé relatively high values. 


c) For the respiratory quotient we use in the following the name 


corn 


o° 10° 20% 30° 
Figure 5. Computation of gas exchange quotients at different temperatures. 
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Discussion 


It appears from the temperature curves, Figures 1 and 2, that at a certain 
temperature the value of the respiratory rates depends on whether, imme- 
diately prior to the measuring period, the temperature of the root was higher 
or lower than the experimental temperature. Probably the explanation of this 
after-effect of primary temperature conditions is different at high and at low 
temperatures. 


At low temperatures, i.e., 5 to 20°C, the increase in respiratory rates is 
independent of time, according to Blackman (1905). Within this range of tem- 
perature the course of the respiratory rates is frequently closely related to the 
sugar content of the plant parts, and in particular to their content of sucrose 
(Müller-Thurgau 1882, Hopkins 1924, Barker 1936). Variations in this con- 
tent may occur through shifts in the temperature dependent equilibrium 
starch Z sugar (or, may be, other insoluble/soluble carbohydrate systems). 
At low temperatures the hydrolysis of starch is intensified, and it is possible 
to demonstrate a gradual accumulation of sugar (Hopkins 1924, Barker 1936). 
If the plant material is transferred to a slightly higher temperature the in- 
crease in the amount of respiration material may have a stimulating effect 
on the respiratory intensity. In addition to this the after-effect may be ex- 
plained further by the fact that low temperatures may cause an accumulation 
of a certain respiratory inhibitor whose effect is then removed only gradually 
at the change to a higher temperature (Barker 1933 a, b). 


The after-effect of temperature is more pronounced in the case of the evolu- 
tion of carbon dioxide than in that of the uptake of oxygen; this may be due 
to the different diffusion rates of the two gases within the plant tissue. 

At higher temperatures the inactivation of enzymes is probably the main 
reason for the after-effect observed. Consequently, a shift in temperature, 
especially from high to low values, assumes decisive importance for the 
measurements of respiration rates within this range of temperature. 

Qo. In many cases the value of the temperature coefficient Qi) may offer 
an indication of the factors particularly concerned in determining the rate of 
reaction. However, it is necessary to keep in mind the fact that when dealing 
with biological processes the coefficient easily becomes representative of the 
combined effects of the factor — in the present case the temperature — on 
a large number of chemical reactions. Furthermore, due to the variation of 
the factor these reactions proceed under very different physico-chemical con- 
ditions. These facts appear to suggest that there is a considerable error in the 
Q values. 

It appears from Figures 3 and 4 that the dashed mean value straight lines 
for Qio—CO; are located within the range of Qj) 3.1—1.6 for tomato and corn 
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and that in the case of Q:0—O: the corresponding values are 2.4—1.1. Values 
of this order of magnitude are frequently considered to indicate that the 
respiratory intensity is limited mainly by the rate of reaction of the chemical 
processes involved. However, the somewhat lower values of Qi0— O3 suggest 
that in the case of this gas the rate of diffusion is beginning to affect the respi- 
ratory rate measured. Qi is also seen to decrease with increasing tempera- 
tures, an observation which has previously been reported by, among others. 
Clausen 1890, Kuijper 1910, and Fernandes 1923. The relation may be taken 
to mean that having been limited solely by the rate of the chemical reactions, 
the respiratory intensity becomes limited to an increasing extent by the rate 
of diffusion of the gases. The diffusion of gases in cut roots has been studied 
by Wanner 1945, Berry 1949, Berry and Norris 1949 a, b. Their results appear 
to support the above interpretation. 

G.Q. Figure 5 shows the gas exchange quotient to increase with increasing 
temperatures. James (1953), among others, takes this fact to mean that in 
addition to the effect on intensity temperature also influences the course of 
the respiration. It would have been desirable to obtain a somewhat more de- 
tailed causal relation, but this is not possible on the basis of the present 
results. The relation observed was described previously by Harrington (1923) 
who used apple seeds, and by Gustafson (1936) whose sample material was 
green tomato fruits. 

Figure 5 also shows the G.Q. values obtained to be unusually high. The 
reasons for this are still to be explored. A number of previously reported 
observations may point the way. Studies by Ruhland and Ramshorn (1938) 
show an anaerobic respiration to take place in tissues rich in protoplasm, in, 
e.g., root tips of Vicia faba, at the “normal” partial pressure of oxygen. They 
also show the G.Q: for root tips of the same plant to be 1.3 to 1.4 in air satu- 
rated with water vapour. If then sufficient distilled water is added to just 
cover the roots with a membrane of liquid, the G.Q. immediately rises and 
after 50 minutes reaches a value of 3.3 to 3.4. This value is a product of an 
increased evolution of carbon dioxide as well as of a reduced uptake of oxy- 
gen. Hence it would be possible for external factors to affect the value of the 
gas exchange quotient to a considerable extent. 

It has been shown that an accumulation of carbon dioxide may take place 
in compact plant parts (Magness 1920, Ruhland and Ramshorn 1938, and 
Denny 1946 a, b, 1947). In the case of root systems, intact as well as cut, Bur- 
strom (1959) observed that the atmosphere of the intercellular spaces in the 
meristematic zone in particular for a very large part consists of carbon 
dioxide. Consequently a variation of the external factors may easily cause a 
change in the concentration of carbon dioxide within and outside the tissues. 
This type of change in the level of concentration may create a false impres- 
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sion of the respiratory intensity with a corresponding unfortunate effect on 
the G.Q. 

As appears from the above it is not possible at the present time to clarify 
the causal relationship explaining the high G.Q. values found. It is our hope 
that series of experiments at present in progress will help elucidate this 
problem. 

The accuracy obtained in the present study was evaluated by means of the 
centre of gravity method (Bond 1935). The mean value for the determinations 
of carbon dioxide obtained in this way was 1.41 °/ with an error of +0.05. 
For the oxygen determinations the mean value is 16.55 %/o +0.36. The limits 
of the interval were chosen in such a way that 50 per cent of corresponding 
determinations would be distributed within the given interval. 


Summary 


The temperature curve for root respiration was determined for intact 
ACO: 
— AO» 
were computed. The value of the Q;, suggests that the respiratory rates are 
limited mainly by the rate of reaction of the chemical processes. However, it 
is possible to assume that the uptake of oxygen to a certain extent is limited 
by diffusion. One way of explaining the decrease in Qi9 value with increasing 
temperatures would be to assume that at increasing temperatures the diffu- 
sion of the gases becomes increasingly the limiting factor for the rate of 
respiration. 

The G.Q. value increases with temperature. The most conspicuous result 
is the fairly high values obtained of the same quotient. Various possible 
reasons for this occurrence are mentioned. 


tomato and corn plants. The Qi) and the gas exchange quotient G.Q.= 


This work has been supported by the Carlsberg Foundation’s grant for the Royal 
Veterinary and Agricultural College. 
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An x-ray induced muiant of Pisum sativum cultivar. Weibull’s Weitor was 
discovered by Blixt et al. owing to its striking inability in the seedling stage 
to orient itself in the normal direction in the substrate. Supposed to lack geo- 
tropic response the mutant was called ageotropum. Its physiological behaviour 
in ordinary sand or soil cultures has been only cursorily mentioned. Accord- 
ing to Blixt ef al., “In sand, the roots grow horizontally-upwards, not down- 
wards”, which would imply an irregular, negative geotropic response; Gelin 
(1960) has indicated the same. The shoots were said by Blixt et al. to be 
indifferent to direction in darkness, which means a true ageotropism, but 
Gelin has only mentioned that they are phototropically normal. Since thus 
the geotropic sensitivity is not quite clear homozygous material of mut. ageo- 
tropum was placed at our disposal by Dr. Gelin for some physiological tests. 

A probably similar, spontaneous material was mentioned as early as 1904 
by Grout in peas (see Blixt et al.), and these authors have compared it to the 
mutant lazy in maize. This was studied by van Overbeek (1936), who found 
that the seedlings reacted normally to gravity, whereas older plants were truly 
ageotropic, judging from the tests performed insensitive to a gravitational 
stimulus. | 

The mut. ageotropum has been tested for (1) germination and general pro- 
perties of the seedlings, (2) response to centrifugation, (3) response to an 
applied auxin paste, (4) nitrogen content, and (5) respiration. Owing to the 
scarcity of material only a few tests of each kind could be made. They give, 
however, a fairly good impression of some general characteristics of the 
mutant. 
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Germination 


It was obvious from the beginning that although homozygous the mutant 
is physiologically extremely heterogenous. In all 237 seeds were available. 
They varied in weight from about 20 to about 270 mg. per seed (Table 1). 
The control material (the parent var. Weibull’s Weitor) ranged from about 
125 to 205 mg. per seed with the majority between 170 and 195 mg. This 
means that the mutant besides very poorly developed seeds and an unbroken 
series up to almost normal-looking ones produces single seeds about 50 per 
cent larger than the largest control seeds. 

The mutant seeds were initially of fairly normal colour and shape, except 
those of Class F. These were very yellow, crinkled, and not vital. Microscopi- 
cally the others showed a normal structure. 

Sown in a solid substrate the mutant seeds germinate to about 90 per cent 
according to private information from Mr. Blixt. It was essential in the pre- 
sent study to observe roots as well as shoots, and thus the seeds were swollen 
in sterile water, peeled, and eventually transferred to plaster-of-Paris blocks. 
Under these conditions the germination was irregular when determined after 
about 5 days. It is also possible that the germination is always somewhat 
slower in the mutant and that the slowest germinating seeds do not endure 
these less favourable conditions. A general impression has been that the 
mutant seedlings are rather delicate and easily injured by the experimental 
operations. Consequently very little material was available for the tests; a 
small number of seedlings were of normal appearance, many did not develop 
shoots after five days or any roots (Figure 1). 

Swollen in water the mutant seeds aquired a slippery surface, indicating 
that they might have been more easily attacked by bacterial infections. The 
seed coats seemed to be thicker. An ordinary surface treatment with hydro- 
peroxide practically killed the mutant seeds or gave a wholly irregular ger- 
mination. This feature, in itself interesting, is worth further attention. Some 


Table 1. Weight and germination of ageotropum seeds. 


Number of Weight 


Size Germination % 
az seeds mg. Ce Bene sy 
available (average) I Il 
A 4 270 x x 
B 75 165 40 25 
C 68 125 20 45 
D 53 90 15 x 
E 30 55 X x 
Ja 7 20 X x 


I=more or less normal germination. 
Il=slow germination after about 5 days. 
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seeds turned out to be brittle and lost their cotyledons in spite of a careful 
handling. Others, finally, simply decayed. A microbiological test, for which 
we owe our thanks to Dr V. Jensen, could not reveal any unusual bacterial 
or fungal infection in the seeds, differing from the common microbial surface 
flora. It must be regarded as a rapid autolysis. Summarizing, the seeds dis- 
played a whole spectrum from dead or rapidly dying ones, over such produc- 
ing all sorts of defective or slowly developing seedlings to seeds giving rise to 
fairly normal plants, as far as morphology was concerned. 

It is necessary to point out that all the following results were obtained 
with seeds of the larger size classes, i.e., the vital, most normal fraction of 
the mutant seeds. This material was both small and unhomogenous. The nor- 
mal appearance of mutant seedlings after three days is shown in Figure 1. 
Seedlings selected for good and uniform development are shown in Figures 2 
and 3 after different experimental treatments. 


Figure 1. Seedlings from classes B 
and C after three days. Grown in 
normal position. it + 


Figure 2. Examples of centrifuged 
pea seedlings. From the left one 
control and 6 mutant seedlings se- 
lected for good growth. Center of 
the centrifuge to the right. The large 
hooks of the three mutant roots to 
the left were present initially. 
Arrows indicate significant curva- 
tures. 


Figure 3. Examples of auxin-treated 
pea seedlings. From the left one con- 
trol and four selected mutant seed- 
lings. Arrows indicate the points of 
application of lanoline paste. 
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Response to Centrifugation 


These experiments were carrid out with germination and centrifugation in 
complete darkness, and in green safe-light during the transfer of the seedlings 
to the centrifuge. The seedlings were placed parallel to the horizontal axis, 
12.5 cm. from the centre, and rotated at 140 rpm., giving an acceleration of 
2.7 g. directed perpendicularly to the root and shoot axes. Sketches were 
made of all seedlings, they were rotated for seven hours in most experiments 
and photographed. Curvatures were measured from comparisons between the 
pictures before and after the treatment. Owing to the defectiveness of the 
material many seedlings lacked shoots, others had so irregularly curved roots 
from the beginning that they had to be discarded. 

There remained 20 plants on which observations could be made; they are 
recorded individually in Table 2 (cf. Figure 2). 

The longitudinal growth could not be measured very accurately; it appears, 
however, that the mutant roots grow, although irregularly almost as much as 
the controls, if seeds from size classes B and C were selected. The seedlings 
with no root growth might have been injured and dead. 


Table 2. The curvatures of individual ageotropum seedlings centrifuged with 2.7 g. Root 

growth in length in mm. during 7 hours. Positive values indicate positive reaction in roots, 

negative reaction in shoots. Crosses indicate that no shoots were developed. Average 
values are given for the parent strain. 


Root Curvature degrees 
growth 
mm. root - shoot 
8 10 0 
8 — 6 16 
5 15 23 
4 20 x 
4 5 24 
4 0 0 
4 0 0 
4 0 x 
3 15 x 
3 10 Xe 
3 5 X 
3 0 15 
3 0 0 
3 0 x 
3 — 20 X 
2 20 0 
2 0 x 
2 — 20 X 
0 0 X 
0 0 x 
Average 3 +1 3 2 9+3 
Control 4—5 40 60 
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The curvature of the roots, in control material around 40°, varied irreg- 
ularly from negative to positive angles, with an average around zero. It is an 
open question whether the curvatures observed were induced by gravitation 
or were only random growth movements. At any rate, the curvatures were s6 
small and half the material did not react at all, so that it could be inferred 
that the roots are truly insensitive to gravitation. There is no obvious con- 
nexion between growth rates and curvatures either. 

Shoots reacting at all responded with distinct negative curvatures through- 
out. This may be significant, implying a variation between insensitivity and 
a weak negative response; single plants behaved almost normally. The shoots 
are in all events much less sensitive to gravitation than the control plants. 

Grown in light and placed horizontally the shoots displayed a normal 
phototropic response. 


Response to Auxin Paste 


A paste was prepared by adding 5 ml. of a 10°? M ether solution of 1-NAA 
to 5 g. of lanoline. Small pieces were applied below the tip on one side of the 
shoots and roots. This simple procedure gave, of course, a 100 per cent re- 
sponse in control seedlings. The mutant seedlings were very sensitive to this 
treatment, several died, only a few survived, but all of these gave the expected 
normal curvatures (Table 3, cf. Figure 3). Even the magnitude of the responses 
was not much smaller that with control seedlings. 

There is a striking difference between the response to centrifugation and 
auxin application. Of the nine shoots of Table 2 only four gave a slight nega- 
tive reaction, whereas all ten of Table 3 behaved almost as control plants. The 
very small amount of root material of Table 3 renders a comparison with 


Table 3. The reaction of ageotropum seedlings to an applied auxin paste. (5 ml. 0.001 M 
1-NAA in 5 g. lanoline.) All roots gave positive, all shoots negative curvatures. 


’ Observations Roots | Shoots 
Mutant 

Number of surviving 

OFLANS eco 6 10 

Number of reacting 

GPZANS yn Reese . 6 10 

Curvatures degrees © 20 © 30 
Control 

Curvatures degrees 

Average... este] 35 40 
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Table 2 difficult. Positive curvatures induced by an applied paste are also 
always less significant, because they may depend upon unspecific growth 
inhibitions. 


Nitrogen Content and Respiration 


Determinations of total nitrogen by the Kjeldahl method were carried out 
in order to give a basis for respiration measurements (Figure 4). The nitrogen 
content on a dry weight basis is the same in roots but much higher in the 
shoots of the mutant than in those of the control, due to the fact that the dry 
weight percentage is lower. Owing to the scarcity of material the values for 
roots are less accurate. 

Respiration was determined manometrically on 3 to 4 mm. sections accord- 
ing to Eliasson (1955). They were cut and randomized so as to give compar- 
able values for control and mutant. Computed on a nitrogen basis the respira- 
tion of the mutant is 30 to 40 per cent lower than that of the control material, 
both in roots and shoots. The difference is smaller — about 25 per cent — 
if computed on a dry weight basis. Regardless of mode of expression the 
respiration is lower in the mutant. This can hardly be specifically connected 
with the weak or lacking geotropic response, but points to more general dif- 
ferences in the properties of mutant and parent. 


N BE NORMAL | 
rex CI AGEOTROPUM | dar 
5 20 
+ 16 
3 12 
2 8 
} 4 


SEEDS ROOTS SHOOTS ROOTS SHOOTS 
Figure 4. Nitrogen content and respiration of control and mutant plants. Nitrogen in mgat. 

per g. dry weight (left), respiration in wl. Os per mgat. N and hour (right) 
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Discussion 


It is obvious that the mutant differs from the parent not only in the geo- 
tropic response. With due attention paid to the fact that all results above have 
been obtained with the most normal of the mutant seeds and in spite of the 
small material it is permissible to conclude that the mutant ageotropum is 
characterized by: 


lower an very varying seed weight, 

slower rate of germination, 

extremely varying but generally slow development of the seedlings, 
often irregular growth, 

virtually lacking geotropic response of the roots, 

varying and usually low geotropic response of the shoots, 

low content of nitrogen-free compounds in the shoots, 

low rate of respiration. 


It is perhaps surprising to find that it does not differ from the control 
with respect to: 


sensitivity to an external auxin application, 
phototropic response. 


The geotropic response requires some comments. That this is low or lack- 
ing is obvious, and the roots may be regarded as truly ageotropic. The objec- 
tion could be made that they may react to higher intensities of acceleration 
or amounts of stimulus, but this is technically difficult to ascertain. The mut. 
ageotropum has little in common with the mut. lazy in maize. This is accord- 
ing to. van Overbeek normally geotropic in its seedling stage, eventually be- 
coming ageotropic. It is questionable,. however, whether the tests made on 
lazy are strictly conclusive. The experiments were run for up to several days 
or weeks which requires illumination, and, e,g., the artificially prostrated 
plants should at least react to light, if they were not also aphototropic, 
which ageotropum certainly is not. 

With regard to the supposed connexion between geotropism and auxin, it 
is intriguing to find that the more or less ageotropic parts react normally to 
unilaterally applied auxin. Either something is blocked in the geotropic reac- 
tion chain before a presumed redistribution of auxin, or such a redistribution 
is not responsible for the geotropic curvatures. This point has been debated in 
recent papers (cf. e.g. Rufelt 1957). That, on the other hand, both auxin sen- 
sitivity and phototropism seem to be normal may be more than a coincidence. 

The low dry weight, irregular development of seeds and seedlings, and par- 
ticularly the low rate of respiration indicate more profound disturbances than 
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a mere lack in ability to perceive a geotropic stimulus or to redistribute auxin 
or some other growth regulator. It is likely that the mutation involves a dis- 
turbance of some fundamental part of the metabolism, and that the ageo- 
tropic behaviour is only one consequence of the metabolic defect. The possi- 
bility to differentiate geotropic reaction from auxin sensitivity is of a certain 
physiological interest. 


Summary 


A physiological study has been made of Pisum sativum cultivar. Weibull’s 
Weitor mut. ageotropum. It is characterized by irregular seed and seedling 
development, apparently completely ageotropic behaviour of the roots to 
2.7 g. acceleration, varying or ageotropic response of the shoots. and a low 
rate of respiration. The seedlings seem to react normally to a unilateral auxin 
application and are phototropic. 

It is concluded that the mutation involves some fundamental disturbance 
of the metabolism, which inter alia, reveals itself in the low or lacking geo- 
tropic response. 


The authors are indebted to Dr. O. Gelin and Mr. St. Blixt of Weibullsholm’s Plant 
Breeding Station for providing material and for personal communications. Fil. mag. 
M. Lindskog-Olsson made preliminary experimental series and has taken the repro- 
duced photographs. 
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I. Introduction 


According to Sumiki (1952), Kato (1953), and Hayashi and Murakami 
(1958) gibberellin is without action in the Avena coleoptile curvature test. 
On the other hand, there is little doubt that growth of oat coleoptile sections 
is stimulated by gibberellin (Hayashi and Murakami 1953 and 1958, Nitsch 
and Nitsch 1956). Hayashi and Murakami (1953) think that the lack of action 
of gibberellin in the curvature test is due to the removal of the upper, more 
sensitive part of the coleoptile, the sensitivity of oat coleoptile tissue to gib- 
berellin decreasing from tip to base. Stowe and Yamaki (1957) point out that 
the lacking response in this test may be due to non-polar transpört of gib- 
berellin. 

The following is an attempt to reinvestigate the action of gibberellin in the 
curvature test and to analyze a possible effect. 


II. Materials and Methods 


Because of the many existing modifications of the curvature test, the procedure 
adopted in the present work will be described in some detail. 

Seeds of Avena sativa L. (Segerhavre from Allmänna Svenska Utsädesaktiebolaget, 
Svalöv, Sweden) were soaked in tap water and planted individually in soil in glass 
vials (Boysen Jensen 1935). The water content of the soil was 18 ©/o. When the 
coleoptiles were just visible above the soil surface, the test plants were illuminated 
with red light for 15 minutes. The light source consisted of a 15 W incandescent 
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lamp in combination with a red Corning filter (New serial No. 2424). From filter 
to soil surface the distance was 47 cm. The temperature in the darkroom was kept 
at 22.5°C. Otherwise, cultivation of test plants was carried out according to Larsen 
(1955, p. 580). 

Double decapitation was used. Agar blocks (2X2X1 mm.) were applied to the 
stumps and the coleoptiles in other details treated as described by Larsen (1955, 
p. 582). 

Measurements were made directly on the curved coleoptiles by means of Purdy's 
measuring chart (Purdy 1921). In this method, radius of curvature (r) and length 
of curved part of coleoptile (1) are determined. The angle of curvature (a) is then 
computed by means of the formula 


360-1 
Pe ee 


(1) a 


2.5 °/o agar was mixed with growth substance solution, Sorensen’s citrate buffer 
(pH 6.0) and CaCl, solution to give a final concentration of 1.25 °/o agar, 0.005 M 
citrate buffer and 0.001 M CaCl;. During mixing, the agar solution was kept at 60°C. 

For further technical details see Larsen (1955). 


A factorial experimental design was used. Five levels of gibberellic acid 
(GA, from Eli Lilly & Co., Indianapolis, USA) and four levels of indole-3- 
acetic acid (IAA) were tested in all possible combinations, giving a total 
of twenty different treatments. Concentrations tested were, of GA 0, 10, 30 
100 and 1000 ug/l, and of IAA 0. 10, 30 and 100 ug/l. 8—13 test plants were 
used in each treatment. Simultaneously with each combination experiment 
a control with IAA only was always run, equal concentrations of IAA being 
applied in control and combination experiments. 


GA was dissolved by shaking with distilled water. IAA was dissolved as described 
by Larsen (1955, p. 590), by means of 0.1 M Na COz, the excess of which is neutra- 
lized by 0.1 N HCl. Test solutions were always prepared immediately before use 
and were as far as possible kept in the refrigerator. 


III. Results 


The results are given in Table 1. According to Went (1928) curvatures are 
distributed closely enough to normality to permit the use of common varia- 
tion statistics to the data. In the present work no appreciable deviations from 
symmetry were noted in the subdistributions, and no correlation seemed to 
exist between mean and range. Therefore, it was deemed unnecessary to 


make any transformation of the original data before carrying out the analysis 
of variance. 


Table 2 gives the results of the analysis of variance. The GA main effect 
is significant on the 0.1 °/o level. Thus, GA seems to be effective in the curva- 
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Table 1. Avena coleoptile curvature test. Curvatures in degrees produced by different com- 
binations of gibberellic acid (GA) and indole-3-acetic acid (IAA). 


Concentration of Concentration of GA, ug/l. 
IAA, pg/L. 
8 / 0 | 10 | 30 mem 
0 AL 79 43 15 | 1.66 + 54 | 
10 er = 94 18 19 ERS 
30 2109 50 211 39 — 16.9 
100 — 26.3 — 27.2 — 32.3 213 — 28.7 


ture test, increasing negative and decreasing positiv curvatures by a few 
degrees. 

The analysis of variance gives no indication of an interaction between GA 
and IAA. However, a closer analysis of control experiments with pure IAA 
solutions revealed some variation between occasions. It was thought that 
these interexperimental variations might mask a possible interaction between 
GA and IAA. If this be the case, a convenient measure of GA effect would be 
the difference in curvature between combination experiment and correspond- 
ing control experiment with IAA only, in other words, the increase in curva- 
ture caused by a given concentration of GA. This quantity will be called GA 
response. 

GA responses are given in Table 3. Table 4 gives the results of the analysis 
of variance. It should be noted that the 0 GA level is omitted from the ana- 
lysis. At this level the GA response is of course constantly equal to zero, and 
if the 0 GA level is included in the analysis, this will result in an apparent 
interaction if there is any GA response altogether. A real interaction between 
GA and IAA may appear either as an IAA main effect or as an interaction 
GA XIAA. If the latter is the case, as it is here, this must mean that not only 
is GA response dependent on IAA concentration, but also that the connection 


Table 2. Avena coleoptile curvature test. Analysis of variance of original data. 


f LT Sum of Degrees of Variance 
source OS OH squares freedom estimate 
GA main effect......... 844.0 4 211.0t++ 
IAA main effect ...... 45592.9 3 15197.6+++ 
Interaction............... 395.6 12 33.0 
RVESTC Wa lessmenecestesdewce 12105.9 275 44.0 
Wotal acess assist oss | 58938.4 294 


GA main effect statistically significant at the 0.1 °/o level. 
IAA main effect statistically significant at the 0.1 °/o level. 
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Table 3. Avena coleoptile curvature test. GA responses in degrees produced by different 
combinations of gibberellic acid (GA) and indole-3-acetic acid (IAA). 


| Concentration of Concentration of GA, g/l. 
| ee BE 0 | 10 | 30 home} 10000 00 
———— SUN PPT RC ON NT ne 
| 0 0 | — 4.7 | — 6.5 | — 1.9 | — 2.6 
10 0 — 6.3 — 6.0 | +30 + 0.3 
30 0 ASO +10 | —48 | ER 
100 0 0 — 510 | — 26 0 


Table 4. Avena coleoptile curvature test. Analysis of variance of GA responses. 


“Shae Sum of Degrees of Variance 
source, Ob vane squares freedom estimate 
GA main effect......... 244.0 3 
IAA main effect ...... 149.7 3 
Interaction 1142.9 9 127.0++ 

Wy Residual...-.-......... 6511.6 155 42.0 
Total yee. ee 8048.2 170 


Interaction statistically significant at the 1 °/o level. 


between GA response and IAA concentration is different at different levels 
of GA. Also, the connection between GA concentration and GA response must 
be different at different IAA levels. 

This procedure is not without pitfalls. It has already been stated that there 
is some variation in sensitivity to IAA between occasions. Similar differences 
in GA sensitivity may also exist, creating a false impression of interaction. 

However, a certain pattern seems to emerge from the data. At low levels 
of IAA (0 and 10 ug/l), the GA response attains a maximum at a low con- 
centration of GA (10 or 30 ug/l), decreasing at higher levels of GA. At a 
higher level of IAA (30 ug/l), high concentrations of GA (100 or 1000 ug/l) 
are required to give a maximal GA response. At an IAA concentration of 
100 ug/l, the GA response is not statistically significant. Also, it seems that 
at low levels of GA (10 and 30 ug/l), maximal GA response is attained at 
low concentrations of IAA (0 and 10 ug/l). At high levels of GA (100 and 
1000 g/l), maximal GA response is attained at an IAA concentration of 
30 ug/l. 


IV. Discussion 


Obviously, in the curvature test there are two possible modes of action 
of GA, bilateral growth stimulation and unilateral growth stimulation. Bi- 
lateral growth stimulation can take place only in case of a rapid transverse 
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movement of GA ir the coleoptile. Unilateral growth stimulation may result 
either from a strictly longitudinal transport of GA or from a synergism be- 
tween GA and IAA, exogenously applied IAA being unilaterally distributed 
in the coleoptile. 

In the case of bilateral growth stimulation, formula (1) may be applied 
to give 
(2) eee 360 - A1 

2T2Tr 

If the radius of curvature is 30 mm, which seems a reasonable figure, it 
is easily found that an increase in curvature of 5° will require an increase 
in length of the curved part of the coleoptile of 2.6 mm. Judged by published 
data on growth of oat coleoptile sections, this figure seems very improbable. 
Hayashi and Murakami (1953 and 1958), working with sections of 4.3 mm. 
length cut 1 mm. from the coleoptile tip, report a gibberellin-induced growth 
stimulation of less than 1 mm. in 20 hours. Nitsch and Nitsch (1956), using 
sections of 4 mm. length, cut 3 mm. from the tip, obtained a GA-induced 
growth response of less than 2 mm. in 20 hours. In the author’s own experi- 
ence, sections of 5.1 mm. length, cut 3 mm. from the tip, exhibit a GA-induced 
growth stimulation of less than 1 mm. in 24 hours. Even if it is assumed that 
the GA sensitivity of the semi-intact coleoptiles used in the curvature test 
is greater than that of coleoptile sections, a GA-induced growth of 2.6 mm. 
in 21/2 hours does not seem likely. Furthermore, if growth stimulation is 
bilateral, positive as well as negative curvatures must be increased by GA, 
and in the data presented here, there is not the slightest indication that posi- 
tive curvatures are increased by GA. Accordingly, it is concluded that bi- 
lateral growth stimulation by GA is of very little importance to its action in 
the curvature test. 

On the other hand, if GA produces a unilateral growth stimulation, the fol- 
lowing formula may be applied to calculate the connection between growth 
stimulation and increase in curvature (see e.g. Boysen Jensen 1943, p. 399). 


360: Ad 


®) = 2n-t 


Here, a=angle of curvature, d=difference in length between the two sides 
of the curved coleoptile, and t=thickness of the coleoptile. if the coleoptile 
is 1.5 mm. thick (cf. Larsen 1955, p. 583), an increase in difference in length 
of 0.13 mm. will cause an increase in angle of curvature of 5°. This seems 
to be a quite reasonable result. Consequently, it is concluded that the apparent 
action of GA in the curvature test is probably due to a unilateral growth 


stimulation. 
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It seems to be a reasonable assumption that GA is transported strictly 
longitudinally when present in small amounts, and that transverse transport 
takes place only at higher concentrations. This may partly explain the results. 

At low levels of IAA, GA increases curvatures only when used in low con- 
centrations, higher concentrations probably resulting in a bilateral distribu- 
tion, which, as explained above, cannot be expected to give a measurable 
response, because of the relatively slight action of GA on growth of oat cole- 
optile tissue. 

At higher levels of IAA, when JAA distribution is distinctly unilateral, high 
concentrations of GA are required to give a maximal response. At these high 
concentrations, GA must be expected to be bilaterally distributed. It follows 
that some sort of synergism between GA and IAA must be postulated. This 
is in accordance with the view put forward by Brian and Hemming (1958), 
Brian (1959) and Kuse (1958), where it is suggested that the presence of 
auxin is a necessity to gibberellin action. 

If there is a synergism between GA and IAA, it follows that the effect of 
GA at low levels of IAA at least partly must be due to the presence of residual 
endogenous auxin. According to Skoog (1937) an auxin precursor, originating 
in the seed, is converted into active auxin in the coleoptile. This may then 
explain the activity of GA at very low levels of exogenous IAA. 

It still remains to be explained why the relatively low GA concentrations 
active at low levels of IAA have little effect at higher levels of IAA. It is 
tempting to assume that the postulated synergism between GA and IAA is 
of a competitive nature, high concentrations of GA being required at high 
levels of IAA. 

The negative results of Sumiki (1952) and Kato (1953) are now easily 
explained. These workers did not test gibberellin in combination with auxin 
and did not use lower concentrations than 1000 ug/l. As stated above, such 
large amounts of gibberellin gannot be expected to give a measurable re- 
sponse unless applied together with auxin. It should be mentioned that 
Hayashi and Murakami (1958) were unable to obtain gibberellin-induced 
curvatures with gibberellin concentrations down to 10 ug/l. However, the very 
slight response to gibberellin in the curvature test may easily escape detection. 

Finally, it should be stressed that the results presented here need confirma- 
tion, these experiments being of a preliminary character. 


V. Summary 


GA is active in the Avena coleoptile curvature test, increasing negative and 
decreasing positive curvatures by a few degrees. 

An interaction between GA and IAA is noted. 
Physiol. Plant., 13, 1960 


GIBBERELLIC ACID IN THE AVENA COLEOPTILE 845 


Three assumptions are made to explain the joint action of GA and IAA in 
the curvature test: 


1. There is a synergism between GA and IAA, IAA or other auxin being 
necessary to the action of GA. The synergism may be of a competitive nature. 


2. GA transport is strictly longitudinal at low concentrations, a transverse 
transport taking place only at higher concentrations. 


3. There is some residual, endogenous auxin left in the coleoptile after two 
decapitations. 


The author wishes to thank Professor Poul Larsen, Bergen, for pointing out the 
problem, and Professor Georg Hygen, and cand. real. Endre Berner jr., Vollebekk, 
for valuable criticism. 

Present address: Botanical Institute, Agricultural College of Norway, Vollebekk, 
Norway. 
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The influence of herbicides on the salt uptake has been discussed in the 
literature but no clear results have emerged from the studies. This may 
depend partly upon rather varying experimental methods. They must allow 
the results to be interpreled in terms of the prevailing ideas of salt uptake 
mechanism. The first question is whether herbicides — or auxins in growth- 
inhibiting amounts — affect the mineral nutrient status at all, which is 
clearly answered in the affirmative (Wort), and what ions are affected. 
Secondly the question is raised, what part of the salt uptake process is influ- 
enced: free space uptake, active vacuolar accumulation, or passive mass 
movement. These three steps can be kept apart experimentally (Kylin and 
Hylmö). Finally, if an effect is found, does it depend upon a direct influence 
of the growth regulator on the tptake, or is it mediated by the altered growth? 
Such a connexion must be taken into account (cf. Sutcliffe and Counter 
1959), at least as far as active accumulation is concerned. 

The present paper attempts to illustrate the first and third questions: what 
ions are affected by excessive auxin dosages, and what part is played by the 
growth inhibitions? 


Methods 


Three aspects have decided the choice of experimental arrangements. The duration 
of the experiments must be sufficiently long so as to give unmistakable growth 
inhibitions, but so short that differences in salt uptake do not influence the metabolic 
status of the plants. 
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Growth inhibitions are desired, because if the experimental time is very short, 
it can be debated whether structural changes have had time to appear or not. An 
experimental duration of 48 hours was chosen. This will also allow the determina- 
tion of the water uptake, which is essential for an interpretation of the salt uptake 
mechanism. Secondly, in order to allow a comparison of the uptake of different 
ions, these all ought to be present simultaneously so that secondary effects of changes 
in growth or properties of the nutrient solution act uniformly on all ions. Thirdly, 
the auxins must be applied in reproducible amounts, which means that spraying 
was rejected in favour of application to the nutrient solution. The study has been 
restricted to a comparison between the uptake of K, Na, Ca, and Mg. 

The following procedure was employed. Weibull’s Eroica winter wheat was ger- 
minated and raised at 22°C for two days in a solution of KH;PO,, Ca(NO;)s, and 
MgSO, all 10% M, Na5HPO, 0.5 : 10°%, and Fe-versenate 10°% M. This was renewed 
after two days. After another two days the experiments proper were begun. Four lots, 
each comprising 12 for uniformity selected plants, were used for each experimental 
treatment. Each lot was placed with the roots in 100 ml., oxygen-saturated experi- 
mental solution in a shallow layer in a 400 ml. beaker. Evaporation from the solu- 
tion was prevented by tightening with plastic and placing cotton pellets around the 
plants. They were placed for 48 hours at 22°C and continuous light. 

Growth and water uptake were calculated by determining root and leaf lengths, 
fresh weight and dry weight on control and test material, and weighing vessels with 
plants before and after the experiment. The solutions were analyzed for K, Na, and 
Ca by means of the Eppendorf flame photometer, and for Mg according to Scharrer 
and Mengel (1957). The uptake was computed from the solution analyses with cor- 
rections for water uptake. Each determination was made in triplicate in order to 
minimize the analytical errors. The transport of salts to the leaves was determined 
by analyzing them for the cations. The experiments were repeated and average 
values for 48 plants are given in the tables. 

The standard experimental solution contained the mentioned K-, Na-, Ca-, and 
Mg-salts at 10°? M. K and Na were varied as shown in the tables. In increased con- 
centrations they were given as chlorides. The pH amounted initially to 4.6 to 4.8 
and at the end to 6.2 to 6.5; only with increased NaCl did it rise to about 7. Pre- 
vious experience has taught that the rise in pH is very rapid and that the solutions 
then become buffered between pH 6 and 7. It can be assumed that the pH-changes 
can be neglected. 

The auxins employed were 1-NAA and 2,4-D; they were compared in their actions 
with coumarin and gibberellic acid. 


Results 


One difficulty in these experiments is obvious already from Table 1, viz., 
the very different rate of uptake of the four cations from one solution of 
equimolar concentrations of 10°. This is well known from the literature. 
The initial amount of each ion was 400 umols. Whereas the difficulty with 
K lies in such a rapid uptake that the solutions are depleted or nearly so, 
it does not amount to more than about 9 per cent for Ca and Mg. Even if the 
analytical errors are negligible, the total errors in this small difference also 
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Table 1. The influence of growth regulators on water and salt uptake. All cations 10°? M. 
— The growth of the growth substance treated plants is given as difference from the 
carresponding control. The brackets imply that all of the added ion was taken up. 
En 


Growth mm. H,O Uptake mols 
Treatment uptake 

| roots leaves g. K Na | Ca Mg 

Controls, average ............+.- 14 41 64 (402) | 116 | 43 40 
I-NAASLOSIME Hr or — 11 — «1 68 (398) 80 47 37 
3:10 9 MAR — 9 — 20 57 375 74 44 27 

24-21 022 Mi ee —ı 5 + 4 54 363 53 40 41 
Die ee) Meere — 14 uw 50 219 48 15 20 
Coumarin 3-10-* M ........... — 9 = À: 63 (407) 103 41 51 
Gibberellic acid 0.01 mg./L | + 6 + 12 49 (390) | 121 35 34 


including volume and weight errors are considerable. No emphasis can be 
placed on small differences but only general trends can and need to be dis- 
cussed. The table indicates a decrease in K-uptake and a considerable reduc- 
tion of the Na-uptake with auxins, but no effects on Ca or Mg except at the 
highest concentration of 2,4-D. 

Reliable values for K-uptake required a higher initial concentration. In 
the series collected in Table 2 it was raised to 10? M. The decrease in the 
K-uptake is then obvious, but no effect is obtained on Na, Ca, or Mg. Both tables 
show a practically inhibited root growth and a strong reduction of leaf 
growth, together with a significant 20 per cent reduction of the water uptake. 

Decreasing growth to the same extent as a high auxin supply coumarin 
does not show a corresponding effect on the salt uptake. Neïther does the 
growth-promoting gibberellic acid, but it does cause a surprisingly reduced 
water uptake. 

The difficulty in comparing directly K and Na prompted two experiments 
with K absent and Na varied. They together with all the other 1-NAA expe- 


Table 2. The influence of growth regulators on water and salt uptake. K 107? M, Na, Ca, 
and Mg 1073 M. — As Table 1. 


H,O 
hen Growth mm. ae Uptake pmols 2 

roots | leaves g. K | Na | Ca Mg 

Controls, average ............... 13 | 43 61 | 1226 24 33 27 
1-NAA 1079 Msn — 12 | + 0 65 856 22 30 32 
3 2107 MR Mere — 6 pe 23 55 760 36 40 32 

2 D TOTO Mi a — 8 — 10 47 731 20 28 24 
Berl OF OM". fes ne ‘ — 12 — 17 41 486 24 26 28 
Coumarin 3-10-4 M ............| — 13 — 24 58 931 25 33 45 
Gibberellic acid 0.01 mg./l. | + 9 + 7 | 50 1221 19 36 26 
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Table 3. Water and. salt uptake of intact plants without and with an application of 1-NAA 
1075 M. — The brackets imply that all of the ion added was taken up. 


"oo 


zen Growth mm. H,O Uptake pmols 
Treatment | uptake |_ 

K Na roots leaves 8. K Na Ca | Mg 
0 10-2 a soot ee 12 50 71 >x 785 29 43 
TSN AAS RR an 2 42 57 > 658 34 44 
0 10-3 Fe ee nee 13 50 75 h TSX 273 47 73 
VEN AA een 0 45 62 x 193 45 55 
103 | 10-3 control er... 14 41 | 64 (402)| 116 43 40 
[I-NAA nen. 3 40 68 (398)| 80 47 37 
10-2 | 10-3 eaves er 13 43 61 1226 24 33 27 
L-NAA een 2 | 43 65 856 22 30 32 


riments have been compiled in Table 3, the experiments arranged from top 
to bottom with increasing ratio K : Na. 

It now appears that in the absence of K the auxin decreases the Na up- 
take by up to 30 per cent or about the same as for a high K concentration. 
There is again no effect on ‘Ca or Mg, with one significant exception, viz., 
at low Na and no K. 

The following conclusions can be drawn. Auxin reduces in the first hand 
the K-uptake; if K is absent the Na-uptake is diminished; with no K and 
low Na the Mg uptake is also reduced, but under these conditions not the 
Ca uptake. Auxin reduces the uptake of the ions in the order K > Na > 
Mg > Ca. 

Already a comparison between auxins and coumarin indicated that the 
effect on the salt uptake does not follow from the growth inhibition. This 
has been further verified in experimehts with decapitated roots. 


Table 4. Water and salt uptake of plants with decapitated roots without and with an appli- 
cation of 1-NAA 3: 1075 M. — As Table 3. 


ou Growth mm. H,0 Uptake pmols 
Treatment uptake 

K Na roots leaves 8: K Na Ca Mg 
10-2 CONDO] een nee 0 37 42 x 443 20 39 
: DNA AE 0 26 34 SX | 398 | 23 | 15 
0 10-3 Control re... 0 41 47 X 179 29 49 
1-NAA . eae 0 31 30 Xx 114 22 29 
AT control............ 0 35 52 343 | 38 | 32 | 30 
2 1-NAA . eo 30 37 220 | 27 | 33 | 29 
À Sk control. date 0 36 51 723 13 24 27 
REA Or ee NAA Re à 0 27 ade e462 | Cas fest “les: 
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Table 5. Average values of growth and water, Ca, and Mg uptake from Tables 5 and 4. 


LT 


Treatment Growth mm. H,0 Uptake pmols 
uptake 
roots | solution | roots | leaves g. leet 
3 t control 13 46 68 38 ea 46 
Aa 1-NAA 2 41 63 39 | 42 
: |fcontrol 0 37 48 26 35 
A in NER o| 29 | 36 | 27 26 


In these experiments all roots except the thrée main roots averaging 
100 mm. in length were trimmed off and the whole bundle cut off at an 
exact length of 60 mm. All growth in length and growth inhibitions by 
auxin were thus prevented. 

Compared with Table 3, Table 4 shows that this decapitation has slowed 
down water as well as salt uptake and leaf growth. There is still an auxin 
effect on K and Na of up to 30 per cent, and a reduction of the Mg uptake 
at zero K. Disregarding insignificant single values the general picture is the 
same as with intact plants with growing roots. 

The small or lacking effect of auxin on the Ca and Mg uptake is roughly 
depicted in Table 5 by average values over all the material from Tables 3 


and 4. It also emphasizes that growth of the roots is no requisite for this 
salt uptake. 


Table 6. The relation between the concentration of the external solution and the solution 
going into the roots at different treatments. — External concentration of Ca and Mg 1.0 mM. 


= 
| Be | Treatment Solution going into roots mM 
RK Na 1-NAA roots K Na Ca Mg 
i 0 | 10.0 — intact 0 11:1 0.41 0.61 
| 0 10.0 — decapitated 0 10.5 0.48 0.83 
0 10.0 + intact 0 11.5 0.60 0.77 
0 | 10.0 + decapitated 0 1157 0.68 0.44 
0 | 1.0 — intact 0 3.77 0.63 0.98 
0 1.0 | — decapitated 0 3.80 0.62 1.04 
0 1.0 + intact 0 3.12 0.73 0.89 
0 1.0 + decapitated 0 3.80 0.73 0.97 
1.0 1:0 — intact (6.3) 1.83 0.68 0.63 
| 1.0 1.0 = decapitated (6.6) 0.73 0.62 0.58 
| 1.0 1.0 ar intact (5.9) 1.18 0.69 0.54 
| 1.0 1.0 Ar decapitated 5.9 0.59 0.73 0.78 
10.0 1.0 == intact 20.1 0.39 0.54 0.43 
10.0 1.0 = decapitated 14.0 0.25 0.47 0.49 
10.0 1.0 + intact 13.2 0.34 0.46 0.59 
10.0 1.0 Tr decapitated 10.9 0.59 0.73 0.73 
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Table 7. Concentration of the solution flowing to the leaves. 
The same experiments as in Table 6. 


ee oO UE eS ae À 0 

ee a Treatment Solution going into leaves mM 

K Na 1-NAA | roots K Na Ca Mg 

- J 

0 10 — | intact 0.66 5.6 0.22 0.68 
0 10 = | decapitated 0.51 5.3 0.29 0.61 
0 10 oe intact 0.57 5.0 0.27 0.64 
0 10 = decapitated 0.67 5.3 0.39 0.64 
0 1 ae ah initack 0.85 22 0.30 0.82 
0 1 = decapitated 0.37 2.8 0.32 0.96 
0 1 + intact 0.59 1.8 0.39 0.79 
0 1 + decapitated 0 2.4 0.34 OX 
| 1 — | intact 5.6 0.40 0.32 0.55 
1 1 — | decapitated 5.2 0.47 0.33 0.83 
1 1 + | intact 4.1 0.36 0.30 0.54 
1 1 eh | decapitated 3.4 0.91 0.39 1.00 
10 1 = | Amtact 12.6 0.17 0.30 0.67 
10 1 — | decapitated 9.4 0.42 0.28 0.74 
10 | 1 == intact 8.5 0.27 0.25 0.41 
10 | 1 + decapitated 7.5 0.78 0.34 0.78 


With K absent auxin also decreases the water uptake by nearly 20 °/o; 
the effect is stronger with decapitated roots. Thus the auxin effect cannot 
depend upon a growth inhibition. Since both water and salt uptake are 
affected, the concentration of the solution going into the roots is of some 
interest (Table 6). 

The table reveals that with K and Na in low concentrations the content 
of the ingoing solution several times exceeds that of the medium; at high 
concentrations they may approach equilibrium. For Ca and Mg the ingoing 
solution is diluted relative to the external one. With K present auxin reduces 
K or Na uptake more than that of water. 

These values should be compared with the concentration of the solution 
flowing from the roots to the leaves (Table 7). The most striking result is 
that the concentration of K, Na, and Ca in the solution leaving the roots is 
about half of that going in, irrespective of treatment, kind of ion, and con- 
centration, whereas that of Mg is of about the same concentration. It should 
also be noticed that in a K-free medium a considerable amount of K is 
released from the roots. In the two cases with auxin additions to decapitated 
roots, K obviously replaces so muëh Na in the roots that the concentration 
of the outgoing solution is higher than that going into the roots. 

There are two features of this material which are more striking than the 
auxin effect, viz., the strong antagonistic effect of K and the constancy of 
the lowest level of uptake of the different elements. 
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An addition of K in the high but not unphysiological concentration of 
10-2 M reduces the Na-uptake without auxin from 273 to 24 umols or to 
less than 9 per cent, Mg from 73 to 27, and Ca from 47 to 33 umols. The 
trend is the same with auxin present. In the absence of K Na will take 
over the role as an antagonist as powerful as K. The elements are affected 
in the order Na > Mg > Ca. The differences between the elements are levelled 
out. Under the influence of an antagonist, auxin, or decapitation, the uptake 
of all three cations Na, Ca, and Mg approaches a value of about 30 umols. 
This is surprising because it appears from the weakest control solutions with 
least antagonism that the rate of uptake of the ions per se is clearly in 
the order of K > Na > Mg > Ca with numerical ratios of approximatively 
10::6":1.6 sd. 

It looks as if a certain residual uptake of each ion of about 30 umols is 
independent of external influences. An additional part, highest for K, slightly 
lower for Na, much less for Mg, and nearly negligible for Ca, is easily influ- 
enced in this descending order by the different treatments. 


Discussion 


The material cannot for technical reasons be interpreted in terms of free- 
space uptake, passive transport, and active accumulation. However, some 
points should be emphasized. The residual uptake of about 30 umols is com- 
parable to a free space uptake of about three times the total plant volume 
(cf. figures by Pettersson 1960). Thus the real free space uptake is neglig- 
ible, which was to be expected under these circumstances. The residual up- 
take cannot very well depend upon the leaf growth either since half the 
amount is withheld in the roots. 

On the other hand, the fact that the ingoing solution in some instances is 
concentrated relative to the external one shows that binding or active accum- 
ulation may form a considerable part of the uptake. This is also obvious 
from the replacement of K and Na which takes place in the root. In the same 
direction speaks the interaction between the ions at their intake, K inhibiting 
Na-uptake, and Na the Mg-uptake. This indicates some kind of binding. It 
is/a matter of argument in the literature whether there are common binding 
points for the cations. It is generally concluded that the alkali metals are 
bound to one common point (e.g., Kawahara and Masuda 1957, Helder 1958, 
and Sutcliffe 1957 for the uptake in short time tests with no salt transport), 
but the opposite view is held by, e.g., Scott and Hayward (1953, 1954) and 
Epstein and Hagen (1951). Epstein and Legget (1954) claim that also Ca 
and Mg are ifdependent, whereas Overstreet (1957) and Conway and Duggan 
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(1958) emphasize a more general binding system. In the present instance it 
is most likely a matter of non-specific binding, with the ions adsorbed in the 
order K > Na > Mg > Ca. 

As regards the main question raised, it is obvious that the auxin effect on 
the salt uptake is not due to the growth inhibitions. This conclusion is sup- 
ported by the results with coumarin and decapitation of the roots. The action 
can probably be localized to the uptake by the roots, however, or the fairly 
constant ratio between K, Na, and Ca concentrations of solutions going in 
and out of the roots would be inexplicable. Only Mg differs in this respect. 
This indicates that there is no main selective ion barrier for the solution 
flowing from the roots into the leaves. This special problem needs further 
investigation. 

The auxins affect the cations in the order K > Na > Mg > Ca, and in one 
instance mentioned auxin obviously affects the replacement of K for Na. 
It seems permissible tentatively to assume that some system where cations 
are unspecifically bound is affected by auxins. 

The water uptake is also hampered by the auxins. No explanation can be 
offered for the result that, under the given conditions, only with K present 
the salt uptake is affected more than that of water. Otherwise the salt and 
water uptake are reduced by about the same amount. 

The results seem to lead to a general assumption that the auxins do not 
specifically affect ion uptake, or some special ion, nor do they act by virtue 
of their growth inhibition, but that they affect some cell property conducive 
to both cation uptake and water absorption. 


Summary 


The influence of growth-inhibiting concentrations of 1-naphthalene acetic 
acid, 2,4-D; and coumarin on the simultaneous uptake by wheat plants of 
K, Na, Mg, and Ca has been studied under laboratory conditions. 

The auxins decrease the uptake of the cations in the order K > Na > Mg > 
Ca. Water uptake is also reduced but in certain instances much less than 
that of ions. 

Prevention of root growth by decapitation does not annihilate the auxin 
effect. Observations have also been made of the interactions of the ions in 
the uptake and the ratio between the concentrations of the solutions going 
into the roots and those flowing to the leaves. It is assumed that the growth- 
inhibiting auxins affect some cell property of importance for both water 
and salt uptake, but not the uptake of some specific cation. 

The authors are indebted to Dr. B. Hylmö and S. Pettersson for valuable discus- 
sions. The Mg-determinations were carried out by Mrs. G. Jansson. 
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Den sjätte nordiska kongressen för växtfysiologi kommer att hâllas i Lund 
21—26 augusti 1961. Preliminärt program jämte upplysningar om anmäl- 
ningar beräknas kunna sändas ut i februari. 


(The 6:th Scandinavian Conference on Plant Physiology will be held at 
Lund August 21 to 26 1961. Further informations will be available around 
February.) 
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